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These  proceedings  contain  papers  presented  at  the  Ninth  Annual  Defense  Advanced 
Research  Projects  Agency/Air  Force  Geophysics  Laboratory  (DARPA/AFGL)  Seismic 
Research  Symposium  held  15-18  June  1987,  in  Nantucket,  Massachusetts.  In  its  capacity 
as  a  Technical  Agent,  the  AFGL’s  Solid  Earth  Geophysics  Branch  (LWH)  manages  the 
DARPA  Nuclear  Monitoring  Research  Office's  (NMRO)  basic  research  program  in 
seismology.  The  scientific  objective  of  this  program  is  to  improve  the  Air  Force’s 
capability  to  seismically  detect,  locate,  identify  and  estimate  the  yield  of  underground 
nuclear  explosions.  The  purpose  of  this  symposium,  which  is  organized  annually  by 
LWH,  is  to  provide  the  NMRO  staff  an  opportunity  to  review  the  research 
accomplished  during  the  preceding  year  and  outline  areas  of  investigation  for  the 
coming  year.  For  the  researchers,  it  provides  a  forum  for  the  exchange  of  scientific 
information,  as  well  as  occasions  to  meet  personally  with  the  NMRO  and  LWH  staff  to 
discuss  individual  projects,  ideas  and  results.  In  addition,  the  technical  presentations 
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serve  as  a  means  to  inform  representatives  from  other  Government  agencies  about 
advances  in  seismic  monitoring  research,  technologies  and  techniques  as  part  of  the 
important  process  of  technology  transition.  The  papers  include  studies  on  regional 
seismic  wave  propagation,  attenuation  and  scattering,  array  processing  and  seismic 
techniques  of  yield  estimation. 
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Focusing  and  Defocusing  of  Teleseismic  P  Waves  by  Know  3-D 
Structure  Beneath  Pahute  Mesa,  Nevada  Test  Site 


PAPER  AUTHOR: 

Vernon  F.  Cormier  M.l.T.  Department  of  Earth  and  Planetary  Sci¬ 
ences 


CONTRACT  NUMBER: 


FI  9628- 35- K- 0031 

"Teleseismic  waveform  modeling  incorporating  the  effects  of 
known  three-dimensional  structure  beneath  the  Nevada  test  site" 


OBJECTIVE: 

Observations  of  teleseisrruc  P  waves  at  large  aperture  arrays  have  found 
amplitude  fluctuations  across  the  array  as  large  as  those  observed  over  world¬ 
wide  networks.  The  amplitude  fluctuations  and  their  correlation  with  travel 
time  variations  are  consistent  with  the  focusing/defocusing  effects  of  three- 
dimensional  velocity  structure  beneath  the  array,  rather  than  the  effects  of 
intrinsic  attenuation.  A  reciprocal  effect  on  amplitudes  is  to  be  expected  for 
variations  in  the  location  of  underground  nuclear  tests  within  a  test  site.  An 
objective  of  this  project  is  to  predict  these  amplitude  variations  using  known  3- 
D  structure  within  a  test  site.  Fast,  asymptotically  approximate  methods  of 
modeling  the  body  wavefield  are  used  to  predict  these  amplitude  variations  by 
forward  modeling  in  structures  determined  from  block  3-D  inversions  of  travel 
times,  as  well  as  more  detailed  models  determined  from  local  geophysical  sur¬ 
veys  at  the  Nevada  test  site.  The  results  of  these  studies  can  be  used  to  deter¬ 
mine  the  fundamental  scale  lengths  required  to  produce  a  correctable  ampli¬ 
tude  anomaly  of  a  given  size. 


RESEARCH  ACCOMPLISHED 

A  technique  was  developed  for  patching  the  dynamic  ray  tracing  equations 
between  regions  of  an  Earth  model  having  1-D  or  radially  symmetric  velocity 
structure  and  regions  having  3-D  velocity  structure  (Cormier,  1986).  Using  this 
technique  together  with  seismograms  synthesized  by  ray  theory  and  superpos¬ 
tion  of  Gaussian  beams  or  Maslov/WKBJ  plane  waves,  the  effects  of  three  dimen¬ 
sional  structure  in  the  source  region  on  the  amplitudes  and  waveforms  of 
teleseismic  body  waves  were  investigated.  The  effects  of  three-dimensional 
models  obtained  by  block  inversion  of  travel  times  (e.g.,  Aki  et  al.,  1977)  were 
investigated  as  well  as  the  effects  of  a  descending  slab  structure,  in  which 
travel  time  inversions  were  tied  to  a  thermal  model. 


I 


CON  CL  US  IONS  AND  RECOMMEND  A  TIONS 


NTS 


A  known  three-dimensional  structure  beneath  Pahute  Mesa,  Nevada  Test 
Site  (Taylor,  1983)  can  account  for  many  of  the  features  in  the  azimuthal 
amplitude  pattern  of  teleseismic  P  waves  from  Pahute  underground  tests.  This 
model  (Figure  la,b)  can  be  used  to  correct  for  focusing  and  defocusing  effects 
of  the  structure  beneath  Pahute  Mesa  accounting  for  factors  of  three  in  ampli¬ 
tude  fluctuation  (Figure  2)  and  for  0.6  sec.  in  travel  time  fluctuation  (Cormier, 
1987a).  The  reduction  in  variance  of  teleseismic  magnitude  or  log  amplitude 
using  these  corrections  is  about  25  percent,  similar  to  the  reduction  of  vari¬ 
ance  in  teleseismic  travel  times.  These  results  are  useful  in  predicting  the 
structural  resolution  needed  for  models  of  other  test  sites  to  be  useful  in  mak¬ 
ing  corrections  for  focusing  and  defocusing.  The  NTS  results  suggest  that 
meaningful  corrections  can  be  made  if  the  model  resolves  10  to  20  km  scale 
lengths  down  to  100  km  with  perturbations  of  velocity  exceeding  4  percent. 
Velocity  inversions  that  primarily  resolve  scale  lengths  larger  than  these  or 
that  smooth  over  anomalies  larger  than  2  percent,  (e.g.,  Montfort  and  Evans, 
1982;  Minster  et  al.,  1981),  are  much  less  useful  in  formulating  amplitude 
corrections.  By  analogy  to  the  Taylor  inversion  for  NTS  structure,  the  data 
required  to  resolve  structure  having  these  scale  lengths  would  consist  of  origin 
times  and  locations  of  tests  widely  distributed  over  linear  dimensions  on  the 
order  of  100  km  with  significant  concentrations  of  tests  spaced  less  than  10 
km  apart.  It  is  also  necessary  to  obtain  an  average  crustal  structure  within  the 
test  site  from  seismograms  recorded  at  local  and  regional  range. 

The  focusing  and  defocusing  effects  of  20  to  50  km  scale  length  structure 
having  perturbation  in  P  velocity  of  several  percent  is  nearly  independent  in 
the  frequency  band  of  (Figure  3)  teleseismic  body  waves.  This  conclusion  is 
even  stronger  in  the  0.2  to  10  Hz.  band  in  which  measurements  are  made  on  the 
teleseismic  P  waves  of  underground  nuclear  tests.  Frequency  dependent 
effects  in  the  coda  of  teleseismic  P  waves  are  probably  due  to  either  the  effects 
of  heterogeneities  having  scale  lengths  smaller  than  20  km  and/or  to  fre¬ 
quency  dependent  effects  in  the  scattering  processes  occurring  near  the 
source  and  receiver. 

Magnitude  measurements  based  on  the  integrated  energy  in  the  coda  of 
teleseismic  P  waves  are  likely  to  be  more  stable  because  they  can  remove  some 
of  the  focusing/defocusing  effects  of  three-dimensional  mantle  structure  near 
the  source.  Coda  magnitudes,  however,  are  only  partially  successful  in  removing 
the  focusing/defocusing  effects  of  structure  beneath  the  source.  They  cannot 
remove  these  effects  from  the  fraction  of  the  coda  that  is  due  to  scattering  of 
direct  P  near  the  receiver. 

EFFECTS  OF  SLAB  STRUCTURE 

A  P  velocity  model  of  the  Kuril-Kamchatka  lithospheric  slab  determined 
from  travel  time  study  by  Creager  and  Jordan  (1986)  has  been  parameterized  in 
three  dimensions  to  investigate  amplitude  and  waveform  effects  on  body  waves. 
Very  broad  Gaussian  beams  were  used  in  a  reciprocal  sense,  shooting  from 
receiver  to  source,  to  synthesize  broad  band  S  waves.  The  per  cent  velocity 
perturbation  on  S  velocity  was  assumed  to  be  equal  to  that  in  P  velocity.  Fre¬ 
quency  dependent  effects  in  the  tail  of  the  S  pulse  were  observed  in  all 
azimuths  on  the  side  of  the  slab  dipping  away  from  the  arc  (Cormier,  1987b). 


This  "slab  diffracted"  phase  rapidly  decays  away  within  10  to  15  decrees  of  the 
azimuth  parallel  to  the  strik°.  The  character  of  the  slab  diffraction  agrees  with 
that  seen  in  finite  difference  calculations  by  Vidale  (1986)  for  P  waves  propagat¬ 
ing  down  dip  from  an  hypocenter  in  the  slab. 

The  results  of  these  studies  will  be  useful  in  interpreting  the  waveform  stu¬ 
dies  of  P  and  S  attenuation  of  the  type  reported  by  Choy  and  Cormier  (1986),  as 
well  as  investigating  the  shadowing  and  slab  multipathing  evident  in  teleseismic 
P  waves  from  U.S.  nuclear  tests  on  Amchitka  Island  in  the  Aleutian  arc  (Davies 
and  Julian,  1972). 
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Figure  la  A  representative  epicenter  of  an  underground  nuclear  test  at  Pahute 
Mesa  is  marked  by  the  cross  (x).  lso-P  velocity  contours  at  B5  km. 
depth  are  shown  for  a  high  velocity  anomaly  resolved  in  the  study  by 
Taylor  (1983). 
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Figure  lblso-P  velocity  contours  greater  than  7,9  km/sec  for  the  Taylor  (1983) 
model  along  the  AA1  cross  section  shown  in  Figure  1.  Three- 
dimensionally  traced  rays  (dashed)  are  projected  on*o  the  cross  sec¬ 
tion  if  their  end  points  he  within  29  km.  of  the  plane  of  the  cross  sec¬ 
tion. 
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A  WIDE-ANGLE  SEISMIC  PROFILE  AT  PAHUTE  MESA.  NV 
JOHN  F.  FERGUSON  AND  RUSSELL  J.  HEIDESCH 
THE  UNIVERSITY  OF  TEXAS  AT  DALLAS 
OBJECTIVE 

The  goals  of  this  project  have  been  to  obtain  a 
seismic  refraction/reflection  profile  at  Pahute  Mesa, 
NV  and  to  produce  an  integrated  interpretation  of  this 
data  along  with  Bouguer  gravity,  borehole  geophysics 
and  geology.  The  resulting  model  should  be  useful  in 
the  identification  of  the  significant  geophysical 
structure  at  this  test  site  and  in  the  prediction  of 
the  seismic  response  of  nuclear  explosions. 

RESEARCH  ACCOMPLISHED 

A  new  seismic  refraction  profile  has  been  acquired 
on  the  eastern  margin  of  the  Silent  Canyon  caldera.  The 
experiment  was  designed  to  obtain  detailed  coverage  of 
the  marginal  faults  or  collapse  features  and  some  of 
the  subsequent  basin  and  range  structures.  A  single 
shot  point  was  located  on  outcropping  Silent  Canyon 
basement  outside  of  the  caldera,  as  it  was  impractical 
to  site  shot  points  on  Pahute  Mesa  itself.  The  layout 
of  the  survey  is  shown  in  Figure  1.  The  scalloped  line 
indicates  the  caldera  boundary  and  the  Split  Ridge, 
Scrugham  Peak,  Almendro  and  Greeley  faults  are  also 
shown.  Individual  geophone  group  locations,  67  m  apart, 
are  indicated  by  the  "Y"  symbol.  The  triangles  are 
Dinoseis  shot  points  used  to  obtain  auxilary  data  on 
shallow  velocites.  Nearby  boreholes  with  important 
geophysical  or  stratigraphic  information  are  depicted 
on  the  map.  The  seismic  data  is  shown  in  Figure  2, 
along  with  the  topography  and  the  travel  times  observed 
for  the  Dinoseis  shots. 

Velocities  appropriate  to  the  caldera  fill  have 
also  been  determined  from  the  borehole  geophysical 
logs.  Figure  3  is  an  attempt  to  summarize  the  velocity 
data  at  Pahute  Mesa.  The  dashed  line  is  a  least  squares 
fit  to  the  tuff  interval  velocities  ("+")  .  The  solid 
line  was  determined  by  inversion  of  travel  times 
observed  locally  (i.e.  out  to  12  km)  by  Leonard  and 
Johnson  (1987).  Both  functions  are  gross  averages  over 
a  laterally  variable  structure.  The  two  smooth  fits  are 
in  good  agreement  over  the  depth  interval  covered  by 
well  data,  but  are  subject  to  scatter  of  +  0.5  kro/s  in 
the  interval  velocities.  The  presence  of  very 
subtantial  velocity  outliers  of  up  to  5  km/s  should  be 
noted.  These  thin  high  velocity  zones  occur  in  both 
tuff  and  lava  intervals  and  could  result  in  substantial 


amplitude  effects,  but  will  have  only  minor  effects  on 
the  travel  time.  Wells  with  only  stratigraphic 
information  are  far  more  numerous  than  those  with 
velocity  or  density  logs.  It  is  expected  that  the 
recognized  geologic  units  can  be  adequately 
characterized  geophysically  and  that  more  detailed, 
laterally  variable  models  of  the  upper  1  km  will  be 
possible. 

A  gravity  profile  coincident  with  the  seismic  line 
was  modeled  and  presented  at  this  same  meeting  last 
year  (Ferguson,  1986) .  The  model  incorporated 
corrections  for  shallow  high  density  units,  such  as  the 
Rainer  Mesa  tuff  and  Area  20  lava  The  gravity  could 
then  be  accounted  for  by  a  hi  ...  density  basement 
stepping  down  to  the  northwest.  A  very  simplistic 
seismic  model  based  on  the  linear  velocity  function  and 
the  gravity  model  is  shown  in  Figure  4 .  No  attempt  was 
made  to  account  for  known  structural  complexity,  only 
the  gross  features  of  the  travel  time  curve  have  been 
computed  by  ray  tracing.  The  observed  travel  times  in 
Figure  2  are  well  matched  by  the  results  in  Figure  4, 
but  theyt  cannot  be  relied  on  for  waveform  analysis. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  preliminary  results  presented  here  confirm  the 
existance  of  the  high  density,  high  velocity  Silent 
Canyon  basement  under  Pahute  Mesa.  The  seismic  data  are 
of  a  sufficient  quality  to  permit  a  waveform  modeling 
approach  to  the  interpretation.  At  this  time  an 
approach  is  being  developed  to  model  this  data  by  a 
psuedospectral  technique  in  order  to  match  the 
amplitude  and  phase  of  the  P-wave  signal,  as  well  as 
the  travel  time,  in  an  arbitrarily  inhomogeneous  model. 
A  detailed  geologic  profile  is  being  constructed,  in 
cooperation  with  R.  G.  Warren  at  Los  Alamos  National 
Laboratory,  which  will  be  used  to  predict  the 
geophysical  properties  in  the  upper  1  to  2  km  of  the 
subsurface.  The  resulting  model  will  be  tested  for  its 
ability  to  predict  the  seismic  character  of  nuclear 
tests  sited  near  the  profile. 
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Modeling  near  source  effects  on  surface  wave  generation  and  path  corrections 


David  G.  Harkrider 

Seismological  Laboratory.  California  Institute  of  Technology. 

Pasadena.  California.  01125 

RESEARCH  ACCOMPLISHMENTS 

Given  and  Mellman  (1986)  have  estimated  NTS  explosion  moments  using  the  surface  wave 
path  corrections  of  Stevens  (1986)  which  are  based  on  a  conservation  of  lateral  energy  flux  sunn- 
lar  to  the  gaussian  beam  approach.  The  estimates  were  obtained  using  a  common  source  region 
model  and  an  assumed  tectonic  release  mechanism  which  corresponds  to  a  vertical  strike  slip 
double  couple  for  all  of  the  NTS  source  areas.  For  a  given  r?i» ,  they  found  that  on  the  average 
the  explosion  log  moments  of  events  at  Yucca  Flat  were  about  0.20  units  less  than  events  at 
Pahute  Mesa. 

Murphy  (1987)  was  able  to  remove  this  difference  in  log  moment  by  freeing  the  tectonic 
release  mechanism.  In  other  words,  he  allowed  the  dip  and  the  rake  of  the  double  couple  to  vary 
for  each  event.  The  source  region  structure  used  in  the  surface  wave  corrections  is  basically  a 
Pahute  Mesa  strtucture.  Since  there  are  known  shot  point  source  velocity  structure  variations 
at  NTS,  we  evaluated  the  error  in  log  moment  which  would  occur  by  assuming  the  common 
NTS  source  structure  instead  of  the  actual  structure.  Using  the  same  approximations,  synthetic 
Rayleigh  waves  were  generated  for  various  shot  point  structures  reported  for  NTS.  These  were 
compared  with  synthetics  using  the  Stevens  (1986)  and  Given  and  Mellman  (1986)  source  region 
to  obtain  relative  moment  corrections.  The  log  moment  corrections  are  given  in  Table  below. 


Log  Moment  Corrections 

For  Various  NTS  Sub-Area  Model* 

Yucca 

i  Pahute 

South 

-0.08  Tull 

;  -0.03 

, '  North 

-OH  Leonard- Johnson 

!  -0.06 

' ;  Ba  he 

-0.07  Rhyolite 

:  -0.06 

i  i  Ferguson 

'  -015 

1 .  Geotech 

-0  19 

The  source  structures  used  to  obtain  these  corrections  are  given  above  Figure  1  Th'- 
correction  values  are  all  positive.  Thus,  if  the  event  actually  oectired  in  this  structure,  the  log 
moment  obtained  using  Stevens's  path  correction  would  be  too  small  by  the  amount  given  in 
the  tables.  On  the  average,  the  corrections  for  Yucca  arc  about  0.10  units  greater  than  Pahute. 
This  implies  that  the  log  explosion  moment  obtained  for  these  Yucca  structures  using  the  NTS 
source  region  is  0.10  units  less  than  the  Pahute  structures.  This  does  not  explain  the  entire 
difference  observed  by  Given  and  Mellman  but  it  is  in  the  right  direction.  It  is  interesting  to 
note  that  South  Yucca  model  yields  moment  values  closer  to  those  of  the  Pahute  models  than 
the  North  Yucca  model.  If  shot  point  structures  can  be  obtained  for  each  event,  they  should  be 
used  in  the  determination  before  freeing  the  tectonic  relea-e  component. 

One  of  the  most  obvious  differences  between  the  Rayleigh  wave  path  correction  synthetics 
for  different  near  surface  source  region  structures  at  NTS  and  the  synthyetic  for  an  explosion  in 
the  uniform  upper  crust  propagation  model  common  to  all  the  corrections  is  the  arrival  of  a 
burst  of  high  frequency  energ>  at  the  start  of  the  short  period  inverse  branch  of  the  propagation 
model  Rayleigh  wave.  This  can  be  seen  in  Figure  1  The  Rayleigh  wave  at  the  top  of  the  figuie  i- 
due  to  an  explosion  in  the  propagation  model  C’1T109.  In  tins  model  the  top  'itistal  layer  i-  I  I 
km  thick.  The  synthetic  below  this  is  for  a  Cache  1  mra  Flai  sonic-  r<gion  model  coupled  to 
CIT109  using  the  gaussian  beam  approximation.  The  source  is  at  a  depth  of  0.7  km  and  the  sur¬ 
face  receiver  is  at  a  range  of  3000  km  in  both  models.  The  presence  of  the  near  surface  ^ou re¬ 
structure  not  only  enhances  the  normally  present  high  frequency  inverse  branch  of  the  ( TIT 09 


model's  Rayleigh  wave,  but  appears  to  include  a  large  amplitude  short  duration  pulse  at  its 
beginning.  The  arrival  time  for  this  pulse  corresponds  to  the  Rayleigh  wave  velocity  of  the  sur¬ 
face  material  of  C'lTlOO. 

One  of  the  interpretations  of  the  dispersed  fundamental  Raylreigh  wave  in  a  layered  struc¬ 
ture  is  that  it  is  the  costructive  interference  between  the  short  period  free  surface  Rayleigh  wave 
with  the  long  period  interface  Stonely  wave  in  the  lower  part  of  the  structure.  Since  neither 
wave  is  traveling  at  their  natural  velocities,  both  waves  will  leak  primarily  SV  waves  towards 
each  other.  The  constructive  interference  of  the  SV  waves  between  the  two  waves  results  in  the 
dispersion  of  the  so  called  fundamental  Rayleigh  wave.  This  view-point  leads  to  a  rather  simple 
interpretation  of  the  previous  figure. 

Before  discussing  the  results  of  the  coupling  of  a  limited  source  region  to  the  laterally 
homogeneous  propagation  model,  we  show  Rayleigh  wave  synthetics  for  two  laterally  homogene¬ 
ous  models,  which  we  will  use  as  propagation  models  (Figure  2).  The  first  is  C'lTlOO  and  the 
second  is  a  homogeneous  half-space  composed  of  ths  same  material  as  the  surface  layer  of 
C1T109.  Below  each  synthetic  is  a  cartton  showing  the  source  and  propagation  geometry.  The 
Rayleigh  wave  for  the  homogeneous  half-space  model  is  an  undispersed  pulse  which  arrives  at 
the  same  time  as  the  beginning  of  the  high  frequencies  on  the  well  dispersed  Rayleigh  wave  of 
the  C'lTlOO  model  shown  above  it.  The  seismic  moment  for  all  synthetics  presented  in  this 
report  is  10**25  (dyne-cm).  The  peak-to-peak  Rayleigh  wave  amplitude  for  the  half-space  is 
about  30c>c  greater  than  the  C1T109  wave.  For  both  media  the  explosion  was  at  a  depth  uf  0.4 
Km. 

In  order  to  simplify  the  discussion  of  the  inhomogeneous  source  region,  we  have  reduced 
the  source  region  complexity  to  an  0.8  km  layer  of  tuff  overlying  the  the  upper  layer  material  of 
C'lTlOO  Their  combined  thicknes  is  14  km  and  the  structure  below  that  is  CIT109.  At  the  top 
of  Figure  3,  we  show  the  Rayleigh  wave  synthetic  for  this  simple  source  region  coupled  to  the 
C’lTlOO  propagation  model  using  the  gaussiar,  beam  approximation.  In  the  lower  half  of  the 
figure,  we  present  the  Rayleigh  wave  for  this  same  source  layer  overlying  a  half-space  of  the  top 
material  of  CIT109  coupled  to  a  half-spavce  of  the  same  material  for  propagation  to  the  surface 
receiver.  Below  each  synthetic  is  a  cartton  showing  the  source  and  propagation  geometry.  In  all 
of  our  source  models,  we  set  the  source  region  radius  to  zero  since  we  are  interested  in  spectral 
amplitude  which  in  this  approximation  is  independent  of  source  region  radius. 

Comparing  the  half-space  propagation  results  for  the  low  velocity  source  region  with  the 
half  space  source  region  (the  bottom  synthetics  of  Figures  2  and  3),  we  see  that  the  presence  of 
the  low  velocity  source  layer  causes  an  increase  in  Rayleigh  wave  amplitude  with  very  little  dis¬ 
tortion  of  the  pulse  shape.  Once  this  nearfteld  Rayleigh  wave  has  left  the  source  region,  it  trav¬ 
els  as  half-space  wave.  There  is  no  dispersion  since  there  is  no  structure  at  depth  to  cause  a 
return  of  the  downgoing  source  energy  by  either  reflection  or  upward  leaking  from  deeper  inter¬ 
face  waves.  If  we  had  given  the  source  region  a  horizontal  dimension,  the  resulting  phase  would 
have  caused  some  dispersion  of  the  pulse. 

Comparing  the  low  velocity  source  region  coupled  to  CIT109  with  the  source  in  CITI09 
(the  top  synthetics  of  Figures  2  and  3)  we  see  that  the  increase  in  amplitude  due  the  coupling 
with  the  low'  velocity  source  region  is  not  as  great  as  the  half-space  propagation  models.  Because 
of  this  relative  difference  in  ammplification.  the  nearfield  Rayleigh  half-space  pulse,  which  has 
been  amplified  by  the  low  velocity  source  region,  is  easily  seen  as  a  pulse  on  the  dispersed 
CIT109  Rayleigh  wave.  With  the  source  in  the  thick  homogeneous  upper  crust  model  of  CIT109. 
the  free  surface  Rayleigh  wave  leaks  energy  down  into  the  crust-mantle  wave  guide  so  that  by  a 
range  of  3000  km,  it  only  appears  as  the  emergent  high  frequency  start  of  the  inverse  branch 
(top  of  Figure  2). 

It  is  frequently  asserted  that  the  20  second  Rayleigh  wave  spectra  can  be  modeled  by  only 
cosidering  the  source  region  velocity  structure  and  the  upper  crust.  This  is  based  on  a  calcula¬ 
tion  made  in  Douglas  etal  (1971).  Conclusions  based  on  models  such  as  theirs  where  the  near 
surface  source  structure  extends  along  the  whole  propagation  path  may  not  be  appropriate  for 
sources  in  laterally  inhomogeneous  media.  This  may  be  especially  true  when  the  assumed 


structure  implies  that  the  source  and  receiver  are  both  in  and  on  the  same  low  velocity  material. 
In  Figure  4,  we  show  the  amplitude  spectra  for  the  low  velocity  source  region  coupled  to  the 
half-space  model  and  to  the  more  realistic  earth  model  CIT109.  Comparing  the  spectra  for  two 
models,  we  see  that  the  upper  crust  half-space  model  does  very  well  out  to  25  seconds.  At  longer 
periods  the  halfspace  model  amplitudes  are  too  large  by  almost  a  factor  of  two.  The  periods  at 
which  this  type  of  halfspace  model  begins  to  fail  depends  on  the  thickness  of  the  uniform  crust. 
To  a  depth  of  35  km,  the  shear  velocity  of  the  CIT109  model  varies  from  about  3.5  to  3.8 
km/sec. 

In  light  of  the  above  discussion,  the  reduction  in  spectral  amplitude  of  the  more  realistic- 
model  can  be  explained  as  follows.  As  the  free-surface  Rayleigh  wave  travels  from  the  source 
region  it  eventually  begins  to  interfere  with  the  deeper  long  period  interface  waves  generated  by 
the  downgoing  source  radiation.  This  interference  causes  the  surface  Rayleigh  wave  to  leak 
energy  in  the  form  of  downgoing  SV  waves.  The  resulting  constructive  interference  between  the 
upgoing  SV  from  the  lower  crust-mantle  localized  Rayleigh  wave  and  the  dowm  going  SV  energy- 
form  the  fundamental  Rayleigh  wave.  Modal  phase  velocities  greater  than  and  group  velocities 
less  than  the  local  body  wave  velocity  imply  constructive  interference  between  upgoing  and 
downgoing  body  waves  in  that  region  of  the  velocity  structure. 

Whether  the  20  second  energy  is  controlled  by  the  downgoing  source  energy  or  the  upgoing 
depends  on  the  thickness  of  the  crust-mantle  waveguide.  For  thick  relatively  homogeneous 
crust  models  such  as  CITI09  and  the  38  km  continental  crust  of  Kanamori  (1967)  used  bv 
Douglas  etal  (1971),  the  20  second  spectral  energy  can  be  modeled  by  a  crustal  halfspace  model. 
The  suprising  part  of  this  is  that  this  20  second  energy  is  not  obvious  in  the  short  duration  time 
domain  Rayleigh  wave  pulse.  Without  further  analysis,  it  is  difficult  to  say  whether  this 
halfspace  conjecture  carries  over  to  the  time  domain  for  more  realistic  models  where  the  20 
second  arrival  is  in  the  well  dispersed  part  of  the  wavetrain. 

Drawing  conclusions  based  on  the  spectra  amplitudes  of  this  short  duration  undispersed 
free-surface  Rayleigh  wave,  which  is  primarily  excited  by  the  upgoing  source  radiation,  presup¬ 
poses  that  this  wave  survives  out  to  the  observer  or  thai  it  has  made  a  major  contribution  to 
the  20  second  spectral  energy  seen  outside  of  the  near  source  region.  The  approximations  used 
to  calculate  the  synthetics  guarantees  that  all  the  surface  wave  energy  generated  in  the  source 
region  is  transmitted  to  the  observer. Helmberger  and  I  have  long  felt  that  this  wave  is  much 
more  suseceptible  to  lateral  in  homogen  ities  and  surface  irregularities  and  that  the  observed  20 
second  energy  is  more  likely  to  be  excited  by  the  dow'ngoing  source  radiation.  The  consequences 
of  this  can  not  only  reduce  observed  amplitudes  but  also  cause  reversals  in  phase. 
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Hans  Israelsson 


Center  for  Seismic  Studies 
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1.  OBJECTIVE 

Assessments  of  seismic  station  networks  to  monitor  underground  nuclear  explo¬ 
sions  are  usually  limited  to  estimates  of  git  i  station  networks.  That  is  to  say, 
the  geographic^  co-ordinates  and  noise  characteristics  of  the  seismological  sta¬ 
tions  are  given,  and  the  capability  of  the  network  to  detect  a  seismic  event  is  then 
calculated.  One  can  consider  this  network  assessment  as  a  direct  problem.  From 
the  point  of  view  of  monitoring,  the  reverse  or  indirect  problem  is  also  relevant. 
That  is  to  say,  determine  the  station  net  ork  that  satisfies  given  desirable  perfor¬ 
mance  criteria.  A  variant  of  this  problem  is  to  optimize  the  siting  of  a  given 
number  of  stations  so  that  some  performance  criterion  is  optimized.  These 
indirect  problems,  which  are  related  to  network  design,  are  seldom  addressed, 
partly  because  of  their  complexity  and  of  the  fact  that  widely  accepted  perfor¬ 
mance  criteria  are  not  available.  In  this  paper  we  attempt  to  get  some  insight 
into  this  indirect  or  network  design  problem  with  calculations  for  various 
hypothetical  networks  with  regard  to  event  detection,  location,  and  depth  estima¬ 
tion. 

The  scope  is  limited  to  a  global  network  of  the  kind  developed  by  the  GSE  at  the 
UN  conference  of  Disarmament.  Details  about  desirable  performance  of  this  sys¬ 
tem  have  only  been  described  in  rather  general  and  imprecise  terms.  It  is,  how¬ 
ever,  a  system  based  primarily  on  tele  seismic  detection.  For  the  purpose  of  the 
calculations  we  assume  that  a  desirable  detection  threshold  is  in  the  range  m6~ 4. 
We  also  assume  that  a  uniform  geographical  performance  is  desirable.  It  can  be 
discussed  to  what  extent  such  uniformity  should  be  achieved  for  the  continental 
as  well  as  the  oceanic  areas.  It  also  seems  reasonable  to  require  that  the  seismo¬ 
logical  functions  axe  balanced.  For  example,  there  should  be  a  minimum  gap 
between  the  threshold  of  detection  and  identification. 


2.  RESEARCH  ACCOMPLISHED 

Apart  from  the  general  principles  of  uniformity  and  symmetry,  seismological  func¬ 
tions  and  associated  criteria  have  to  be  formulated  and  specified.  For  example, 
the  functions  can  be  tailored  to  source  type  so  that  the  capabilities  to  detect 
explosions  and  to  identify  earthquakes  by  the  so  called  mb(Mt)-  method  or  focal 
depth  axe  maximized.  In  addition  minimizing  the  unassociated  station  signal 
detections  is  important.  This  leads  us  to  consider  the  following  monitoring  tasks: 
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Explosions: 


The  system  should  be  designed  to  maximize  the  capability  to  detect  and 
locate  explosions.  Moreover,  the  depth  has  to  be  estimated  so  that  the 
explosions  can  be  identified  to  have  shallow  source  focus.  For  simplicity 
it  is  assumed  that  the  explosions  are  carried  out  in  hard  rock  and  are  fully 
decoupled. 

Shallow  earthquakes: 

It  is  assumed  that  identification  is  made  primarily  on  the  basis  of  the 
criterion.  Signal  detections  at  individual  stations  from  shallow 
earthquakes  have  also  to  be  associated  with  detected  and  located  events 
with  high  probability.  In  other  words  the  number  of  unassociated  station 
detections  originating  from  shallow  (and  deep)  earthquakes  should  be 
minimized.  In  principle  it  is  thus  not  necessary  to  optimize  the  capability 
of  detection,  location,  or  depth  estimation  for  shallow  earthquakes. 

Deep  earthquakes: 

It  is  assumed  that  the  occurrence  of  deep  earthquakes  is  confined  to  a 
sub-region  of  the  target  area.  The  most  important  function  is  depth  esti¬ 
mation,  i.e.,  again  it  would  in  principle  not  be  necessary  to  optimize  the 
capability  to  detect  and  locate  deep  events,  but  the  depth  of  events  that 
are  detected  and  located  have  to  be  determined  so  that  a  possible  explo¬ 
sion  depth  can  be  ruled  out.  The  number  of  unassociated  station  detec¬ 
tions  originating  from  deep  earthquakes  (together  with  those  from  shallow 
earthquakes)  should  also  be  minimized. 

The  tasks  in  relation  to  source  type  can  be  summarized  by  the  following  table: 


TASK 
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Event  Detection 

¥ 

Signal  Association 

* 

* 

Epicenter  Location 

* 

Depth  Estimation 

* 

* 

Source  Identification 
(Surface  Waves) 

* 

The  functions  require  different  kind  of  information  from  the  seismic  recordings.  A 
network  designed  to  optimize  only  one  of  the  tasks  may  therefore  not  necessarily 
perform  in  an  optimum  manner  for  another.  Consider  for  example  the  case  for 
which  the  target  area,  consists  of  one  site  only  (one  pair  of  co-ordinates).  Then 
the  azimuthal  coverage  of  the  stations  around  the  site  largely  determines  the  loca¬ 
tion  accuracy,  whereas  appropriate  coverage  of  certain  epicentral  distance  inter¬ 
vals  is  important  for  the  depth  estimation  based  on  surface  reflections  ( pP ,  sP). 


Siting  of  the  stations  to  optimize  the  detection  capability  is  mainly  determined  by 
the  amplitude  attenuation  as  a  function  of  distance,  which  may  result  in  a  station 
distribution  that  is  non-uniform  in  azimuth  and  distance.  If  the  target  area  is  not 
just  one  pair  of  co-ordinates  but  for  example  a  continent  the  situation  becomes 
more  complicated.  Because  of  this  trade-off  between  the  tasks,  a  selection  of  the 
stations  taking  several  tasks  into  account  has  to  be  some  kind  of  ’compromise’ 
between  tasks.  One  of  the  tasks  above,  detection  of  surface  waves,  can  however 
be  optimized  independently  of  the  others  provided  the  long  period  stations  are  not 
necessarily  to  be  co-located  with  short  period  stations.  On  the  other  hand,  it  may 
from  a  seismological  point  of  view  be  desirable  to  maintain  such  a  co-location  of 
different  kinds  of  instrumen  at  ion. 

Some  parameters  that  influence  the  capability  of  each  of  these  functions  have 
been  studied  separately  with  calculated  examples  for  hypothetical  networks  using 
the  network  assessment  program,  SNAP/D. 

The  detection  capability  as  a  function  of  number  of  stations  is  studied  for  net¬ 
works  with  equal  station  spacing  on  a  sphere.  The  problem  of  finding  the  coordi¬ 
nates  for  stations  of  such  networks  is  however  not  trivial,  for  a  large  number  of 
stations,  n.  This  problem  has  many  analogies  in  the  mathematical  literature  but 
so  far  no  general  analytical  solution  has  been  presented.  In  the  calculations 
approximately  symmetrical  networks  are  used  for  networks  with  more  than  20  sta¬ 
tions.  The  average  detection  threshold  is  reduced  somewhat  faster  than  the  loga¬ 
rithm  of  the  square  root  of  number  of  stations  (log10(v/n),  and  appears  to  be 
asymptotic  to  log1Q(\/n )  for  large  numbers  of  stations  (Figure  1).  About  ten  sta¬ 
tions  or  more  equally  spaced  on  the  sphere  provides  a  fairly  uniform  detection 
threshold  over  the  sphere,  although  there  are  significant  variations  in  areas  close 
to  where  the  stations  are  located. 

Calculated  examples  suggest  that  for  a  given  number  of  sensors,  a  network  con¬ 
sisting  of  arrays  with  a  small  number  of  sensors  seems  to  give  a  slightly  lower 
detection  threshold  than  that  of  a  signal  station  network  with  the  same  total 
number  of  sensors  (Figure  2).  This  conclusion  is  valid  if  the  monitored  area  is 
limited  to  a  small  region  and  the  stations  cane  be  sited  at  locations  with  compar¬ 
able  noise  an  amplitude  attenuation.  The  low  detection  threshold  for  array  net¬ 
works  is  primarily  due  to  the  fact  that  a  smaller  number  of  stations  are  required 
for  event  detection  than  that  for  a  single  station  network.  This  relaxed  criterion 
outweighs  the  number  of  stations  of  the  network. 

Location  errors  have  been  calculated  for  networks  with  stations  that  have  equal 
distance  to  the  epicenter  and  are  uniformly  distributed  around  the  epicenter.  The 
square  root  of  the  area  of  the  joint  marginal  confidence  region  for  the  epicenter  is 
used  as  measure  of  location  error.  The  calculated  examples  suggest  that  a  90 
degree  coverage  of  the  source-to-station  azimuth  gives  location  errors  that  are 
only  slightly  larger  than  those  for  networks  with  more  complete  azimuthal  cover¬ 
age. 

The  computational  experiments  have  also  been  carried  out  for  hypothetical  net¬ 
works  consisting  of  station  only  in  shield  and  platform  areas.  It  appears  difficult 
to  achieve  a  global  uniform  capability  with  such  a  network,  but  sufficient  cover¬ 
age  of  the  territorial  areas  of  the  major  continents  can  be  obtained. 

An  iterative  algorithm  based  on  detection  by  optimization  has  been  used  to  select 


sites  for  stations  so  that  the  performance  of  one  or  several  seismological  functions 
is  maximized.  For  example,  the  task  of  selecting  a  given  number  of  stations  with 
optimum  capability  of  measuring  depth  phases  can  be  reduced  to  the  problem  of 
chosing  the  sites  so  that  the  variance  of  the  step-out  of  events  in  a  given  region  is 
minimized,  and  the  co-ordinates  of  the  stations  can  be  obtained  with  this  iterative 
algorithm.  The  solution  is  obtained  by  successive  selections,  starting  with  two 
stations,  among  a  limited  set  of  possible  sites.  Initially,  the  coordinates  of  these 
two  stations  are  chosen  arbitrarily  and  the  coordinates  of  a  third  station  are 
chosen  so  that  the  variance  of  the  distance  distribution  is  maximized.  As  a  next 
step  of  this  procedure  the  coordinates  of  the  First  and  the  second  stations  are 
chosen  in  a  similar  way  for  one  station  at  a  time  again  so  that  the  variance  of  dis¬ 
tance  distribution  is  maximized.  Finally,  the  coordinates  of  the  First  station  are 
chosen  again  with  the  coordinates  for  the  two  other  stations  Fixed.  When  the 
coordinated  for  the  three  stations  have  been  selected,  a  fourth  station  is  added 
and  the  coordinates  for  all  stations  are  revised  in  a  similar  way  as  the  coordinates 
for  the  three  stations  were  obtained.  When  the  iteration  is  completed  for  four  sta¬ 
tions,  one  station  is  added  at  a  time  until  all  stations  have  been  included. 


3.  CONCLUSIONS 

In  this  report  we  summarize  studies  carried  out  in  order  to  get  some  insights  into 
the  problem  of  selecting  seismological  stations  of  a  global  network  for  monitoring 
underground  nuclear  explosions. 

Seismological  functions  are  deFmed  and  selection  criteria  are  speciFied  on  the  prin¬ 
ciples  of  uniformity  and  symmetry  in  performance. 

The  dependence  of  various  seismological  functions  of  a  global  network  on  a 
number  of  parameters  have  been  studied. 

An  algorithm  based  on  detection  by  optimization  have  been  used  to  select  stations 
so  that  the  performance  of  one  or  more  seismological  functions  are  optimized. 
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Figure  1  The  map  (above)  shows  the  contours  of  the  magnitude  mb  detection 
thresholds  (90%)  for  a  network  of  20  stations  equally  spaces  on  a  sphere.  Station 
locations  are  marked  with  asterisks.  The  diagram  (below)  shows  the  average  mag¬ 
nitude  threshold  as  a  function  of  number  of  stations  for  networks  equally  spaced 
on  a  sphere.  The  error  bars  represent  the  standard  deviation  of  the  threshold  for 
magnitude  thresholds  calculated  every  15  degree  latitude  and  longitude. 


Figure  2  The  upper  diagram  shows  the  detection  threshold  a*  a  function  of 
number  of  sensors  for  a  single  stations  network  (open  circles)  and  for  one  a  array 
station  (asterisks).  The  curve  in  the  lower  diagram  represents  the  detection  thres¬ 
hold  as  a  function  of  number  of  stations  for  a  given  number  of  (64)  of  sensors 
grouped  together  in  arrays  of  32,  16,  8,  4,  2,  and  1  sensor.  The  lowest  threshold 
is  obtained  for  16  stations  with  4  sensors  each. 
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Objective 

The  general  objective  is  to  study  how  observational  ground  motion 
data  can  be  used  to  infer  properties  of  seismic  sources.  The  emphasis  is  on 
the  recording  and  analysis  of  broadband  three-component  data.  The  goal 
is  to  develop  methods  which  are  successful  when  applied  to  data  recorded 
at  distances  close  to  the  source  and  then  try  to  extend  these  methods  to 
data  recorded  at  regional  and  teleseismic  distances. 

Research  Accomplished 

The  problem  of  estimating  the  properties  of  seismic  sources  has  been 
approached  from  a  number  of  directions.  A  common  element  of  these 
various  studies  has  been  the  representation  of  the  source  in  terms  of  its 
force-moment  tensor.  This  construct  provides  a  fairly  general  mathemati¬ 
cal  representation  of  the  source  which  allows  a  convenient  separation  of 
the  effects  of  source  and  propagation.  Considerable  attention  has  been 
given  to  the  examination  of  the  stability  and  uncertainty  of  the  estimates 
that  emerge  from  the  moment-tensor  inversion  process. 

A  critical  ingrediant  in  the  moment  tensor  inversion  is  the  Green 
functions  which  are  used  to  remove  propagation  effects  from  the  seismo¬ 
grams.  The  accuracy  of  the  final  results  is  directly  related  to  the  accuracy 
of  the  Green  functions,  and  this  depends  upon  the  availability  of  a  good 
estimate  of  the  velocity  and  density  structure.  This  general  problem  was 
examined  for  the  case  of  shallow  earthquakes  in  a  complicated  geologic  set¬ 
ting  in  northern  California  (O’Connell,  1986;  O’Connell  and  Johnson, 
1987).  A  nine  station  temporary  seismographic  network  was  deployed  in 
the  area  for  one  month  and  good  recordings  from  39  events  were  obtained. 
P  and  S  arrival  times  were  analyzed  by  the  method  of  progressive  inver¬ 
sion  to  obtain  estimates  of  source  locations,  average  velocity  models  for 
both  P  and  S  waves,  and  recording  station  travel  time  anomalies.  These 
velocity  models  were  then  used  to  generate  the  Green  functions  necessary 
for  the  moment  tensor  inversion  of  the  waveform  data.  Good  results  were 
obtained.  Moment  tensor  estimates  of  principal  stress  orientations  were 
comparable  with  those  obtained  from  P-wave  first-motion  focal  mechanism 
solutions  but  were  obtained  with  far  fewer  stations.  In  some  cases  the 
moment  tensor  estimates  gave  definitive  results  when  first-motion  solutions 
using  far  more  stations  were  completely  ambiguous.  This  study  demon¬ 
strated  that  in  realistic  situations  it  is  possible  to  separate  source  and  pro¬ 
pagation  effects  and  solve  the  combined  inverse  problems  of  velocity  struc¬ 
ture,  source  location,  and  source  mechanism. 
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Another  study  concentrated  on  the  task  of  obtaining  improved  esti¬ 
mates  of  the  velocity  structure  of  Pahute  Mesa  of  the  Nevada  Test  Site. 
P  and  S  waves  generated  from  13  different  explosions  were  used  to  esti¬ 
mate  P-wave  and  S-wave  velocity  models  for  the  upper  4  km  of  the  Silent 
Canyon  Caldera  (Leonard  and  Johnson,  1987).  The  structure  was  modeled 
using  linear  velocity  gradients,  with  P  velocities  increasing  from  1.5 
km/sec  at  the  surface  to  4.5  km/sec  at  2.3  km  depth  and  S  velocities 
increasing  from  1.0  km/sec  at  the  surface  to  2.3  km/sec  at  2.0  km  depth. 
This  one-dimensional  structure  must  be  regarded  as  a  lateral  average  of 
actual  velocities  because  there  is  considerable  evidence  in  the  waveform 
data  to  indicate  that  lateral  heterogeneity  is  present. 

Broadband  seismic  data  in  the  distance  range  of  1  to  10  km  were  used 
to  estimate  moment  tensors  for  two  explosions  detonated  at  Pahute  Mesa, 
Harzer  and  Chancellor.  The  inversion  used  the  refined  velocity  model 
described  in  the  previous  paragraph.  The  results  indicate  that  the  sources 
are  dominated  by  the  explosive  component  but  that  significant  deviatoric 
components  are  also  present.  The  explosive  component  shows  a  fairly  sim¬ 
ple  time  history  which  is  consistent  with  various  models  which  have  been 
proposed  for  buried  explosives,  although  the  analysis  also  revealed  a 
trade-off  between  parameters  estimated  for  the  source  and  the  models 
assumed  in  making  the  estimation.  The  non-explosive  component  of  these 
sources  also  shows  a  simple  time  history  but  its  physical  interpretation  is 
more  problematical. 

A  fundamental  concern  in  the  interpretation  of  moment  tensor  esti¬ 
mates  is  the  stability  and  uncertainty  of  the  results.  Because  it  can  be 
posed  as  a  linear  inverse  problem,  standard  least-squares  techniques  can  be 
employed  and  thus  stability  can  be  rigorously  analyzed  and  uncertainities 
in  the  data  can  be  mapped  into  uncertainties  in  the  results.  However, 
such  analysis  does  not  take  into  account  uncertainties  which  may  exist  in 
basic  assumptions,  source  locations,  and  Green  functions,  and  these  may 
be  a  major  concern  in  some  problems.  In  order  to  explore  some  of  the 
effects  of  these  more  general  sources  of  uncertainty,  the  method  of  solving 
the  inverse  problem  has  been  expanded  to  include  Ll  norm  minimization, 
positivity  constraints,  and  extremal  value  estimation.  These  methods  have 
been  tested  with  synthetic  and  actual  data  recorded  at  near  and  telese- 
ismic  distances  from  both  earthquakes  and  explosions. 

As  one  might  expect,  when  the  sources  are  simple  and  large  amounts 
of  high-quality  data  are  available,  the  various  methods  produce  similar 
results,  and  the  choice  of  method  reduces  to  the  questions  of  ease  of  appl- 
iction  and  cost  of  computation.  However,  as  the  quality  and  quantity  of 
the  data  are  degraded,  differences  between  the  methods  begin  to  appear. 
For  the  case  of  a  few  systematic  errors  the  Ll  norm  is  superior  to  the  L2 
norm.  But  as  the  number  of  errors  is  increased  so  that  a  random  situation 
is  approached,  the  Ll  and  L2  norms  begin  to  show  similar  sensitivities  to 
the  errors.  The  Ll  norm  and  L2  norm  with  positivity  constraints  (qua¬ 
dratic  programming)  have  the  advantage  that  constraints  upon  the  source 


are  easily  incorporated.  This  device  has  been  used  to  estimate  moment 
tensors  in  which  the  trace  has  been  either  maximized  or  minimized.  For 
explosions  recorded  at  close  distances  the  most  compact  source  time  func¬ 
tion  is  obtained  when  the  trace  of  the  moment  tensor  is  maximized  and  for 
deep  earthquakes  recorded  u,t  teleseismic  distances  the  most  compact 
source  time  function  is  obtained  when  the  trace  is  minimized.  These  prel¬ 
iminary  studies  indicate  that  a  thorough  investigation  of  the  source  will 
require  that  a  number  of  these  different  inversion  methods  will  have  to  be 
applied,  particularly  when  the  quantity  and  quality  of  the  data  are  low 
and  the  question  of  uniqueness  is  serious. 

Another  area  of  investigation  has  been  the  interaction  between  source 
depth,  source  mechanism,  and  frequency  bandwidth.  This  is  a  particular 
concern  for  shallow  explosions  recorded  at  teleseismic  distances  where 
bandwidth  is  limited  by  attenuation  properties  of  the  earth.  The  situation 
appears  to  be  rather  complicated  with  a  number  of  different  factors 
interacting  in  a  manner  which  is  not  easy  to  predict.  The  basic  stability 
of  the  results  is  controlled  by  the  eigenvalues  of  the  complete  Green  func¬ 
tion  matrix,  but  the  spectral  features  of  individual  Green  functions  are 
also  important  and  this  is  affected  by  the  distribution  of  stations.  An 
inversion  which  appears  to  be  stable  when  no  noise  is  present  can  become 
unstable  for  some  elements  of  the  moment  tensor  as  the  level  of  noise  is 
increased.  A  similar  effect  occurs  as  the  bandwidth  of  the  data  is 
decreased  and  the  effect  is  now  a  strong  function  of  the  source  depth  and 
station  distribution. 

Conclusions  and  Recommendations 

Some  of  the  practical  problems  of  studying  seismic  sources  by 
estimating  their  moment  tensors  have  been  examined  and  the  results  are 
quite  positive.  When  reasonable  care  is  given  to  estimation  of  velocity 
models,  Green  functions  can  be  calculated  that  lead  to  reliable  and  useful 
estimates  of  moment  tensors  in  realistic  and  fairly  complicated  geologic 
settings.  When  working  with  data  of  limited  quantity  or  quality  or  when 
trying  to  analyze  minor  features  of  the  moment  tensor,  careful  attention 
must  be  given  to  analysis  of  the  stability  and  uncertainty  of  the  results. 
Using  a  variety  of  different  inversion  methods  is  helpful  in  such  situations, 
as  is  a  detailed  examination  of  the  eigenvalues  of  the  Green  functions. 
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OBJECTIVE.  The  principal  objective  of  this  contract  is  to  develop  and  apply 
techniques  for  determining  near-source  contributions  to  the  observed 
variations  in  short-period  P  wave  amplitudes,  travel  times,  waveforms  and  coda 
for  underground  explosions.  The  basic  approach  involves  analysis  of  large 
data  sets  with  extensive  azimuthal  and  ray  parameter  coverage  in  order  to 
detect  systematic  event-to-everrt  variations  that  can  reliably  be  attributed  to 
near-source  phenomena. 

RESEARCH  ACCOMPLISHED.  Under  our  previous  contract  we  established  that 
amplitude  and  travel  time  variations  for  short-period  P  wave  recordings  of  NTS 
explosions  exhibit  a  moderate,  but  significant  correlation  indicative  of 
focussing  and  defocussicn  effects.  Systematic  slowly  varying  patterns  between 
the  Yucca  Flat  and  Pahute  Mesa  subsites,  which  are  separated  by  30  km, 
indicate  that  regional  velocity  heterogeneity  in  the  crust  and  upper  200  km  of 
the  mantle  is  responsible  for  a  substantial  component  of  the  variations . 
Figure  1  exhibits  the  station-averaged  magnitude  and  travel  time  anomalies  for 
the  two  subsites.  It  is  apparent  that  both  common  features  and  systematic 
differences  in  the  patterns  for  the  two  subsites  are  present.  The  Pahute  Mesa 
patterns  at  azimuths  toward  the  northeast  are  accentuated  with  respect  to 
those  for  Yucca  Flat. 

A  back-projection  technique  has  been  employed  to  image  the  upper  mantle 
velocity  structure  responsible  for  the  intersite  differences  in  Figure  1.  The 
magnitude  anomalies  have  been  used  to  directly  image  the  structure  rather  than 
relying  on  block  inversion  of  the  travel  times  given  that  existing  models 
obtained  from  travel  times  (Minster  et  al.  1981,  Taylor,  1983)  predict  very 
different  magnitude  variations  (Lay  et  al.  1986,  Cormier  1987) .  Our  procedure 
is  an  adaptation  of  the  thin  lens  modeling  previously  applied  to  NORSAR  data 
by  Hadden  and  Husebye  (1978) ,  in  which  the  geometric  wavefront  curvature 
equation  is  used  to  predict  travel  time  advances  on  a  thin  interface  that  will 
match  the  observed  amplitude  behavior.  The  observed  travel  times  are  compared 
to  the  predictions  to  identify  the  successful  models.  Figure  2  presents 
back-projections  of  amplitude  and  travel  time  anomalies  to  surfaces  at  various 
depths  below  the  NIS  source  region.  The  anomalies  have  been  corrected  to 
remove  the  common  average  NIS  patterns.  A  projection  depth  of  160  km  was 
found  to  yield  the  strongest  correlation  between  observed  and  predicted  travel 
time  residuals,  indicating  that  the  amplitude  anomalies  have  accumulated  by 
the  time  the  rays  reach  this  depth. 

A  similar  thin  lens  model  was  constructed  for  the  Pahute  Mesa  subsite 
alone,  with  the  subsite  station  averages  being  removed  from  the  data.  This 
procedure  is  sensitive  only  to  very  shallow  structure  because  we  are  isolating 
spatial  systesnatics  in  the  scatter  of  the  observations  at  a  given  station 
rather  than  using  the  station- to-station  behavior.  A  thin  lens  at  25  km  depth 
proved  quite  successful  for  the  Pahute  Mesa  data,  indicating  that  strong 
crustal  heterogeneity  affects  the  amplitude  behavior. 
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EXPLOSIONS 


Figure  3  shews  the  preferred  thin  lens  models  obtained  fran  the  magnitude 
residuals  for  the  regional  NTS  data  (160  Ion)  and  the  shallow  Pahute  Mesa 
scatter  (25  km) .  The  surfaces  have  been  converted  to  topography  on  interfaces 
with  increasing  velocity  contrasts.  A  regional  high  undulation  of  the  surface 
trending  northward  from  NIS  results  in  defocussing  and  early  arrival  times  to 
the  northeast  from  Pahute  Mesa  and  toward  the  north  from  Yucca  Flat.  Figure  4 
compares  observed  and  predicted  differences  in  mean  station  amplitude 
anomalies  between  the  two  subsites  for  the  deeper  thin  lens  model.  The 
predicted  values  were  determined  using  three-dimensional  Kirchhoff-Helmholtz 
theory  to  construct  finite  frequency  synthetic  seismograms.  While  the  range 
of  variations  is  somewhat  underpredicted,  the  azimuthal  pattern  is  very  well 
reproduced. 

The  shallow  Pahute  Mesa  structure  also  exhibits  an  elevated,  defocussing 
structure  located  centrally  beneath  the  array.  This  shallow  structure  causes 
systematic  location  dependent  variations  in  the  scatter  of  magnitude 
anomalies.  Observed  and  predicted  patterns  are  compared  in  Figure  5.  While 
the  precise  range  and  spatial  patterns  are  not  fully  matched  by  this  single 
surface,  the  general  intrasite  trends  are  satisfied  by  the  model,  indicating 
that  crustal  heterogeneity  effects  on  the  magnitude  scatter  can  be 
deterministically  accounted  for  to  a  certain  degree. 

The  thin  lens  models  are  compared  with  the  results  of  previous  linear 
travel  time  inversions  in  Figure  6.  Note  the  excellent  correspondence  between 
fast  velocities  in  the  travel  time  models  and  elevated  topography  in  the  thin 
lens  models.  There  is  undoubtedly  sane  finite  extent  to  the  actual  velocity 
heterogeneity,  rather  than  being  concentrated  at  single  velocity  interfaces, 
but  the  success  of  the  thin  lens  models  in  predicting  subtle  features  of  the 
amplitude  variations  indicates  linear  accumulation  of  the  magnitude  anomalies 
over  any  actual  finite  extent  of  the  heterogeneity.  We  have  not  yet  resolved 
the  spatial  extent  of  the  deeper  heterogeneity  responsible  for  the  common  NTS 
amplitude  and  travel  time  patterns,  although  comparison  with  regional 
earthquake  anomalies  suggest  that  near-receiver  structure  is  not  responsible. 

We  are  also  conducting  a  detailed  examination  of  the  near-source 
contributions  to  early  P  wave  coda.  Figure  7  illustrates  systematic  magnitude 
dependence  of  the  event-averaged  relative  coda  excitation.  This  figure  shews 
that  in  the  0.4-0. 8  Hz  frequency  band  smaller  events  tend  to  have  stronger 
coda  excitation  for  both  Pahute  Mesa  and  Yucca  Flat  events.  Similar  behavior 
has  been  established  for  Novaya  Zeanlya  and  Amdhitka  test  site  events.  Pahute 
Mesa  events  also  exhibit  a  magnitude  dependence  of  coda  excitation  in  the  0.8- 
1.1  Hz  band,  with  larger  events  having  enriched  coda  levels.  This  is 
partially  due  to  pP  interference  in  this  band,  but  the  presence  of  systematic 
spatial  and  azimuthal  patterns  in  the  behavior  indicate  that  frequency 
dependent  focussing  effects  are  also  irrportarrt. 

The  event-averaged  characteristics  of  the  coda  excitation  have  been 
related  to  spatial  effects  by  comparisons  like  Figure  8,  where  the  Yucca  Flat 
events  with  enhanced  coda  amplitudes  in  the  0.8-1. 1  Hz  band  are  found 
to  be  located  centrally  above  the  valley  in  the  basement  structure.  Pahute 
Mesa  shows  pronounced  spatial  dependence  of  the  azimuthal  patterns  in  the 
relative  excitation  of  direct  arrivals  and  early  coda  for  the  0. 8-1.1  Hz  band. 
Events  in  the  central  part  of  the  Silent  Canyon  caldera  shew  diminished  direct 
arrivals  relative  to  the  coda  at  azimuths  to  the  north.  This  behavior 
corresponds  to  the  enhanced  defocussing  of  dewngoing  direct  P  energy  by  the 
shallow  crustal  heterogeneity  underlying  Pahute  Mesa,  while  the  coda  appears 
to  average  out  the  effects  of  the  shallow  structure. 


CONCLUSIONS  AND  REOCMMENCATIONS .  Substantial  progress  has  been  made  in 
attaining  an  understanding  of  the  origins  of  anplitude  and  travel  time 
variations  produced  by  mantle  heterogeneity  beneath  NTS,  completely  on  the 
basis  of  teleseismic  observations .  Careful  analysis  of  the  scatter  in 
magnitude  observations  can  result  in  deterministic  velocity  structures  which 
will  provide  better  intrasite  specific  magnitude  corrections  than  purely 
statistical  procedures.  We  are  new  performing  detailed  modeling  to  explain 
the  magnitude  dependence  observed  in  early  coda  excitation  in  the  0.4-0. 8  Hz 
and  0. 8-1.1  Hz  passbands.  Further  attempts  to  invert  for  near-source 
scattering  structures  that  contribute  arrivals  to  the  coda  are  also  being 
undertaken. 
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Figure  1.  Equal  area  plots  of  station  mean  travel  time  and  magnitude 
anomalies  for  the  Pahute  Mesa  and  Yucca  Flat  test  sites.  The  perimeter 
corresponds  to  a  take-off  angle  of  22.5°  in  a  source  velocity  of  3.5  km/s. 

Figure  2.  Bin-averaged  back-pro j ecticns  of  magnitude  and  travel  time  anomalies 
with  NFS  station  means  removed  to  surfaces  at  depths  of  35  km,  100  km,  and  160 
km  beneath  the  test  site. 

Figure  3.  Contour  plots  (in  km)  of  the  velocity  discontinuity  surfaces 
obtained  from  inversion  of  amplitude  anomalies.  The  deep  (160  km)  model 
obtained  firm  intersite  differences  in  magnitude  patterns  is  shewn  on  the 
left.  The  shallow  (25  km)  surface  obtained  from  intrasite  differences  is  shown 
on  the  right.  Elevated  regions  correspond  to  high  velocity  defocussing 
structure  on  the  interface. 

Figure  4.  Comparison  of  synthetic  log  amplitude  variations  with  observed 
variations  in  nfc.  The  equal -area  plot  on  the  left  shews  the  observed  station 
average  i%,  values  for  Yucsca  Flat  differenced  from  the  corresponding  station 
means  for  Pahute  Mesa.  The  equal -area  plot  on  the  right  shows  synthetic  log 
amplitude  variations  of  Yucca  Flat  explosions  differenced  from  those  of  Pahute 
Mesa.  The  synthetics  were  aenputed  using  Kirchhoff  theory  and  the  160  km  deep 
surface  shown  in  f  igure  3. 

Figure  5.  Variations  of  observed  and  synthetic  magnitudes  at  different 
azimuths.  The  synthetic  variations  are  calculated  for  the  indicated  stations 
using  the  shallow  Pahute  Mesa  thin  lens  model  in  Figure  3.  The  observations 
are  obtained  by  averaging  values  from  the  indicated  stations  as  well  as  nearby 
stations. 

Figure  6.  Comparison  of  discontinuity  models  with  block  inversion  models 
derived  from  travel  times  by  other  authors.  The  figure  on  the  left  is 
modified  from  Minster  et  al.  (1981),  and  is  a  vertical  cross-section  through 
their  model,  represented  by  the  velocity  centaurs.  Symbols  indicate  the 
velocity  perturbations  in  the  blocks  of  Taylor's  (1983)  model  that  are 
intersected  by  the  cross  section.  The  thick  lines  are  the  profile  through  the 
shallow  (25  km)  and  deep  (160  km)  thin  lens  velocity  discontinuity  models. 
The  locations  of  the  cross  sections  are  plotted  on  contour  maps  of  the 
surfaces  on  the  right.  High  velocity  region  or  downward  extensions  therof  in 
the  block  travel  time  models  correspond  to  upwarps  of  high  velocity  material 
in  the  amplitude-derived  discontinuity  models. 

Figure  7.  Correlation  of  relative  event  average  centroids  with  magnitude  and 
burial  depth  in  the  (0.4-0. 8  Hz)  and  (0. 8-1.1  Hz)  passbands  for  Yucca  Flat  and 
Pahute  Mesa  events.  Higher  positive  values  indicate  relative  enrichment  of 
the  early  P  wave  coda  amplitudes  compared  to  the  direct  arrival  energy. 

Figure  8.  Map  of  Yucca  Flat  shewing  depth  to  Tertiary-Paleozoic  cxntact  with 
event  average  complexity  for  the  0. 8-1.1  Hz  passband  of  Yucca  Flat  explosions. 
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Objectives 

Eastern  Kazakhstan  is  commonly  referred  to  as  a  "stable  shield".  However.the  large  amount  of  tectonic  release  that 
has  accompanied  some  explosions  at  the  Shagan  River  test  site  is  somewhat  in  conflict  with  that  notion.  Also, 
analyses  of  Asian  deformation  suggest  that  the  region  to  the  north  of  Tibet  is  one  dominated  by  north-south  horizontal 
compression  [Molnar  and  Tapponier,  1975],  whereas  model  solutions  for  tectonic  release  at  Shagan  River  imply 
northeast  compression.  These  inconsistencies  were  examined  in  light  of  data  on  the  recent  tectonics  of  eastern 
Kazakhstan.  These  data  indicate  that  the  region  is  experiencing  compressional  tectonics,  and  shows  evidence  of 
contemporary  seismicity.  Quaternary  fault  offsets  and  general  crustal  uplift  The  objective,  therefore,  is  both  to  provide 
an  understanding  of  the  tectonic  environment  in  which  most  Soviet  underground  nuclear  tests  have  occurred,  and  to 
apply  this  toward  seismological  studies  of  tectonic  release  at  the  Shagan  River  test  site.  Because  of  space  limitations 
here,  the  reader  is  referred  for  background  information  to  a  detailed  description  of  the  geology  and  geophysics  of  the  test 
area  presented  by  Bonham  et  al  [1980].  Results  indicate  that  seismological  estimates  of  the  mechanism  of  the 
component  of  tectonic  release  present  in  many  of  the  explosions  at  the  test  site  should  perhaps  be  reevaluated  with 
mate  complex  (i.e.,  oblique-slip)  models. 

Research  Accomplished 

We  have  analyzed  the  area  of  eastern  Kazakhstan  between  the  Irtysh  river  and  Lake  Balkhash,  east  of  Karaganda  and 
west  of  Lake  Zaysan  for  evidence  of  recent  tectonics  (Fig.l).  The  Semipalatinsk  nuclear  weapons  proving  ground  is 
located  in  the  northern  portion  of  this  area.  Geologically,  the  test  area  is  located  within  the  Kazakh  fold  system,  a 
complex  of  deformed  Paleozoic  rocks  along  the  eastern  edge  of  the  so-called  "Kazakh  shield"  [Babak,  1969].  In  general, 
fold  and  fault  structures  to  the  northeast  of  the  Chingiz  fault  (including  the  test  site)  trend  northwest-southeast  These 
are  intruded  by  numerous  granitic  massifs,  including  Degelen  Ml.,  one  of  the  three  main  test  sites  [see  Rodean,  1979], 

Seismicity 

While  the  Kazakh  shield  is  generally  considered  to  be  aseismic,  in  fact,  earthquakes  in  the  area  are  rare,  but  not 
unknown.  For  example,  an  earthquake  near  Semipalatinsk  in  December,  1887,  cracked  walls  in  the  town,  and  was 
followed  by  numerous  aftershocks  into  the  following  year  [Khovanova,  1961].  Seismicity  increase  in  the  Kalba  and 
Altai  ranges,  to  the  east,  but  falls  off  sharply  to  the  west  of  about  82°E.  Kondorskaya  and  Shebalin  [1977]  have 
cataloged  8  earthquakes  with  magnitudes  greater  than  about  4  in  the  region  of  interest  [Fig.  1],  In  addition,  Khovanova 
[1961]  reported  earthquakes  near  Semipalatinsk  in  191 1  and  1926  (although  the  latter  may  have  been  a  rockburst),  and 
Nersesov  et  al  [1982]  indicated  three  smaller  earthquakes  from  1955-1973,  of  energy  classes  9  and  10  (magnitudes  of 
about  3). 

The  magnitude  threshold  for  earthquake  location  in  this  region  has  been  relatively  high  until  recently.  The  first 
permanent  seismic  station  in  the  region  was  installed  in  Semipalatinsk  in  1934  [Kimos  et  al,  1961].  However,  prior 
to  about  1961,  the  next  closest  station  was  located  in  Alma-Ata,  800  km  to  the  south.  Thus,  the  distribution  of 
Soviet  seismic  stations  probably  did  not  permit  the  location  of  small  events  on  the  Kazakh  shield  before  about  1961. 
Of  the  ten  larger  earthquakes  noted  above  (see  Fig.  1),  most  have  magnitudes  of  about  5,  and  were  presumably  located 
with  macroseismic  data.  In  about  1961,  a  seismic  station  was  apparently  installed  some  90  km  from  the  test  site,  and 
has  apparently  operated  since  then  [Pokrovsky,  1986],  However,  this  station  has  not  reported  local  earthquakes  in 
Earthquakes  in  the  USSR.  Thus,  only  the  three  "weak  earthquakes"  located  by  Nersesov  et  al  [1982]  (see  Fig.  1) 
suggest  that  the  magnitude  threshold  for  location  has  been  decreased  since  the  1950's. 

Rodean  [1979]  provided  a  preliminary  discussion  of  the  20  March,  1976  earthquake  that  occurred  100  km  west  of 
the  Shagan  River  test  site  (not  plotted  on  the  Nersesov  et  al  [1982]  maps).  More  recently,  Pooley  et  al  [1984] 
concluded  that  that  "seismic  disturbance"  was,  in  fact,  an  earthquake,  and  have  provided  what  is  the  only  available  focal 
mechanism  for  earthquakes  in  the  region  (discussed  below). 


Recent  Faulting 

The  Chingiz  Fault.  The  most  prominent  structure  in  the  area  is  the  Chingiz  fault,  which  cuts  northwest-southeast 
across  the  Chingiz  anticlinorium.  "Rejuvenated  by  Neogene  and  Quaternary  movements"  [Zhuravlev  and 
Uspensky,  1971],  the  Chingiz  fault  has  a  particularly  clear,  linear  trace  on  satellite  imagery  of  the  region  to  the 
southwest  of  the  test  site  area  [see  figure  42a  in  Rodean,  1979].  Babak  [1969],  in  a  useful  discussion  of  the 
neotectonics  of  Chingiz  fault  structures,  noted  that  the  fault,  like  other  strike-slip  faults,  is  characterized  by  zones  of 
compresion  and  extension  related  to  changes  in  its  strike.  As  is  common  along  strike-slip  faults,  compressional  fault 
bends  are  associated  with  uplift  (up  to  500  m)  and  distinct  relief.  Babak  [op  cit]  concludes  that  most  faults  in  the 
region  with  northwest  strikes  are  right-lateral  strike-slip  faults ,  and  have  developed  under  sublongitudinal  compression. 
As  noted  above,  this  is  the  direction  of  maximum  compressional  stress  that  would  be  inferred  from  the  position  of  this 
area  within  the  India- Asia  collisional  orogen. 

There  are  few  published  observations  of  Quaternary  fault  offsets  along  the  Chingiz  fault  Kozlovskii  [1963]  has 
documented  Quaternary  offset  along  this  fault,  just  to  the  south  and  east  of  the  test  site  area.  At  about  49°N,  79°E 
(see  location  T,  Fig.  1),  he  indicates  a  vertical  offset  due  to  reverse  fault  motion  of  as  much  as  30-40  m  in  Quaternary 
deposits  near  the  Kudaybergen  river. 

Other  faults.  Like  the  Chingiz  fault,  many  of  the  other  faults  exposed  in  the  area  of  study  have  clear  expression  on 
satellite  imagery  of  the  region.  This  has  been  cited  widely  as  evidence  of  recent  fault  movement,  and  generally  has 
been  borne  out  by  surface  observations.  One  regional  fault  appears  to  show  evidence  of  recent  offset  on  SPOT  imagery 
of  the  region  to  the  northwest  of  the  Shagan  River.  This  fault,  the  Chinrau  [Sukhorukov  et  al ,  1970],  bounds  a 
Mesozoic  coal  basin  which  lies  mostly  to  the  northwest  of  the  Shagan  river  test  site,  Lut  apparently  projects  into  the 
test  site  area.  The  fault  strikes  -125°  across  the  test  site  (see  below). 

Uplift 

Eastern  Kazakhstan  is  an  area  of  neotectonic  uplift.  The  Map  of  Recent  Tectonics  of  the  USSR  [1959]  indicates  a 
general  uplift  of  a  pre-Eocene  (25  my)  reference  surface  of  from  near  zero,  along  the  irtysh  river,  to  more  than  1000  m, 
near  Karkaralinsk  (adapted  in  Fig.  1).  The  greatest  uplift  occurs  southwest  of  the  Chingiz  fault  in  the  Chingiz  range 
and  the  "Central  Kazakh  Horst",  where  the  Upper  Cretaceous/Paleogene  reference  surface  of  erosion  occurs  at  more 
than  1000  m.  The  general  pattern  of  uplift  correlates  well  with  the  regions  of  maximum  crustal  thickness  (cf.  Bonham 
et  al  [1980]).  This  suggests  that  the  processes  are  related;  i.e.,  that  the  uplift  is  produced  by  crustal  thickening. 
Because  the  latter  is  generally  produced  by  thrusting,  this  supports  the  notion  that  thrust  faulting  is  a  major  tectonic 
process  in  eastern  Kazakhstan. 

Stress  Indicators 

Rockbursts  in  the  mining  areas  of  Karaganda,  Kounrad  and  Ziryanovsk  (locations  shown  in  Fig.  1)  suggest  an 
elevated  level  of  natural  tectonic  stresses  in  the  region.  While  there  is  little  data  on  in  situ  stress  measurements  in 
eastern  Kazakhstan,  there  are  published  stress  values  for  the  latter  two  areas,  located  in  the  periphery  of  the  study  area. 
At  Kounrad,  located  just  north  of  Lake  Balkhash,  measurements  at  a  depth  of  200m  suggest  averaged  horizontal 
stresses  of  about  twice  lithostatic  [Bulin,  1973].  However,  because  the  data  for  the  horizontal  stresses  were  averaged, 
no  statement  can  be  made  as  to  the  direction  of  the  maximum  horizontal  stress  or  its  magnitude. 

At  Ziryanovsk,  in  the  southwestern  portion  of  the  Altai  range  ("Rudniy  Altai"),  a  more  complete  description  is 
available  of  stress  measurements  made  at  at  depth  of  150  m.  Because  Ziryanovsk  is  located  in  a  mountainous, 
tectonically-active  area,  these  data  are  presented  here  because  they  give  an  indication  of  the  directions  of  the  principal 
horizontal  stresses.  The  measurements  were  made  in  the  crestal  portion  of  an  anticline  that  trends  E-W.  Median  values 
for  stresses  were  averaged  from  8-15  points  of  measurement,  spaced  along  two  perpendicular  holes,  along  and  across 
the  strike  of  the  anticline.  As  at  Kounrad,  large  vertical  stresses  suggest  that  there  are  significant  vertical  stress 
concentrations  in  the  mine  works.  The  intermediate  (horizontal)  stress  was  about  zero,  and  the  maximum  horizontal 
stress  was  compressional,  trending  about  north-south  (i.e.,  along  the  dip  direction  of  the  fold). 

Tectonic  Release  and  Local  Geologic  Structure  at  Shagan  River 

Tectonic  release  is  one  of  the  major  factors  complicating  yield  determinations  based  on  surface-wave  magnitudes 
for  explosions  at  the  Shagan  River  nuclear  test  site.  The  effect  of  tectonic  release  on  surface  wave  magnitude  (Ms)  is 
somewhat  complicated,  in  that  correcting  for  a  pure  strike-slip  mode  of  tectonic  release  will  tend  to  reduce  calculated 
Ms  yields  somewhat,  whereas  correcting  for  thrust  faulting  will  tend  to  increase  Ms  yields  [see,  e.g.,  Rodean,  1981], 
Thrust  mechanisms  dominate  the  tectonic  release  accompanying  explosions  at  Shagan  river,  although  strike-slip 
mechanisms  have  been  proposed  for  some  events  [Helle  and  Rygg,  1984;  Given  and  Mellman,  1985]. 


The  seismic  models  of  surface  wave  data  used  for  tectonic  release  corrections  are  also  very  sensitive  to  the 
interpreted  strike  axis  of  the  double-couple  source.  Modifying  the  interpreted  strike  azimuth  of  the  tectonic  release  from 
an  optimized  value,  based  on  pure  strike-  or  dip-slip,  has  the  effect  of  increasing  the  earthquake  component  of  the 
source  (Helle  and  Rygg  [1984]  p.1897-1898:  in  their  one  example,  the  relative  earthquake  cource  strength,  F,  increases 
3!%  by  rotating  »he  strike  azimuth  2C°).  Thus,  because  of  the  sensitivity  of  the  method  to  strike  azimuth  and  the 
significance  of  the  correction  vis-a-vis  the  yield  of  an  explosion,  reconciliation  of  the  interpretation  of  tectonic  release 
data,  the  geologic  structure  and  the  tectonics  of  the  test  site  area  becomes  important.  This  is  expecially  true  of  tectonic 
release  mechanisms  are  geologically  controlled,  as  they  appear  to  be  at  the  Nevada  test  site. 

Published  source  mechanisms  for  the  component  of  tectonic  release  in  Shagan  River  events  imply  strike-slip  and 
dip-slip  motion  along  faults  striking  northwest-southeast  [Helle  and  Rygg,  1984;  Given  and  Mellman,  1985  ]  (Fig. 
2).  In  detail,  in  the  study  of  seven  evenf  by  Helle  and  Rygg  [1984],  six  events  fit  an  interpretation  of  thrusting  on 
planes  striking  at  about  144°  (dip  was  fixed  at  45°),  and  one  event  (from  1979)  suggests  right-lateral  strike-slip  along 
a  strike  of  123°  (vertical  dip). 

In  analyzing  these  mechanisms  in  regard  to  the  structure  and  recent  tectonics  of  the  test  site  region,  it  is  first  noted 
that  the  strike-slip  and  dip-slip  solutions  cannot  be  interpreted  as  resulting  from  slip  on  the  planes  of  maximum  shear 
within  a  single  stress  system.  That  is,  if  the  thrust  solutions  reflect  slip  on  such  planes,  the  strike-slip  event  is 
inconsistent  with  that  system,  and  vice-versa.  Thus,  some  geologic  control  on  the  strike  azimuths  of  the  tectonic 
release  seems  to  be  required  for  at  least  one  of  the  two  tectonic  release  mechanisms. 

Secondly,  using  the  strike  of  the  Chinrau  fault  (a  prominent,  apparently  active  fault  intersecting  the  test  site)  as  an 
estimate  of  the  structural  fabric  of  the  test  site,  it  is  clear  that  the  strike-axes  for  the  thrust-type  events  differ 
significantly  from  that  strike  (i.e.,  they  are  more  northerly  by  about  20°;  see  Fig.  2).  On  the  other  hand,  the 
strike-axis  of  the  strike-slip  event  closely  follows  that  of  the  Chinrau  fault  (is  identical  within  the  measurement 
errors). 

Thus,  we  must  consider  two  cases:  one  in  which  the  strike-slip  solution  is  geologically  controlled  while  the  thrust 
events  reflect  only  the  stress  system;  the  other  considering  that  the  thrust  events  are  also  geologically-controlled, 
oblique-slip  events  with  strikes  closer  to  that  of  the  strike-slip  event 

The  first  case  is  perhaps  initially  satisfying,  because  the  strike  slip  event  was  apparently  located  closest  to  the 
Chinrau  fault  of  the  evnets  studied,  and  thus  some  geological  control  by  that  fault  might  be  expected.  However,  if  the 
thrust  events  are  supposed  to  accurately  reflect  the  stress  directions  across  the  test  site,  then  those  stresses  would  not 
produce  right-lateral  motion  along  the  Chinrau  fault,  as  is  inferred  from  both  the  strike-slip  event  and  from  general 
consideration  of  the  tectonics  of  the  test  site  region.  Thus,  this  scenario  is  improbable  in  that  it  requires  strong 
variations  in  the  stress  system  across  the  test  site. 

The  alternative  solution  is  to  suppose,  because  the  test  site  area  is  small  and  relatively  flat,  that  it  is  perhaps 
reasonable  to  assume  that  the  principal  tectonic  stress  directions  at  containment  depths  do  not  vary  much  across  the 
test  site.  Thus,  in  order  to  maintain  consistency  with  the  strike  slip  event,  which,  as  noted  above,  is  itself  consistent 
with  the  strike  of  the  Chinrau  fault,  it  is  necessary  to  presume  that  the  thrust  events  were  actually  more-complicated 
oblique-slip  events  along  structures  parallel  to  the  Chinrau  fault,  that  were  modelled  as  thrusts  only  as  a  simplified 
interpretation.  In  addition  to  the  simple-stress-system,  this  hypothesis  has  two  advantages:  1)  it  fits  with  the  notion  of 
geological  control  of  tectonic  release  strikes,  as  is  noted  for  the  Nevada  test  site  area;  and  2)  it  fits  well  with  notions  of 
the  regional  tectonics  of  the  test  site  region  (i.e.,  mixed  right-lateral  strike-slip  and  thrust  faulting,  and  a  more 
northerly-trending  principal  horizontal  compressive  stress).  It  has  the  "disadvantages"  that  it  requires  both  the 
modification  of  the  estimated  tectonic  release  mechanism  of  most  of  the  events,  and  the  upward  revision  of  the  Ms 
estimates  of  their  explosive  yields. 

The  March,  1976  earthquake  provides  the  only  other  estimate  of  the  stress  field  in  the  test  site  area.  It  is  considered 
here  for  its  use  in  choosing  between  the  hypotheses  outlined  above.  This  earthquake  was  estimated  by  Pooley  et  al 
[1983]  to  have  had  an  oblique  (mixed  strike-slip/thrust)  mechanism  (the  nodal  plane  the  most  likely  corresponds  with 
the  fault  plane  is  plotted  on  Fig.  2).  This  mechanism  would  be  similar  to  that  proposed  in  the  second  hypothesis, 
above  (geologically-controlled  thrust  orientations).  Unfortunately,  the  geology  of  the  epiccntral  region  [Ml  Murzhik; 
see  Samygin,  1974]  does  not  allow  one  to  choose  a  more  likely  candidate  from  among  the  nodal  planes  as  estimated 
by  Pooley  et  al  [1983], 

Conclusions 

If  the  Shagan  river  explosions  with  thrust-type  tectonic  release  solutions  actually  resulted  from  motion  on  faults 
parallel  to  the  Chinrau  fault,  then  they  could  represent  explosions  with  especially  high  double-couple  components  and, 
when  corrected  for  this  tectonic  release,  correspondingly  higher  explosive  (Ms)  yields.  However,  in  order  to  rule  out 


the  other  possibility  --that  only  the  strike-slip  events  have  been  geologically  controlled-  more  data  is  needed  as  to  the 
in-situ  stress  directions  in  the  test  site  area.  Seismologically,  it  becomes  important  to  determine  whether  or  not 
tectonic  release,  perhaps  through  the  focusing  of  energy,  exerts  an  similarly  "strike-sensitive"  effect  on  teleseismic  or 
regional  body  waves.  [I  gratefully  acknowledge  the  guidance  provided  in  this  study  by  J.  Rachlin]. 
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Figure  1.  Sketch  map  of  eastern  Kazakhstan,  showing:  the  general  patten  of  Tertiary  crustal  uplift  (contoured,  in  meters;  darker 
shading  for  >  1000m);  major  faults  (heavy  lines);  known  earthquakes  (dots;  not  plotted  east  of  82°E  or  south  of  48°N;  open  dots 
are  from  Nersesov  et  of.  1981  others  from  Kondorskaya  and  Shebalin[  1977];  note  location  of  1976  earthquake);  sites  of  stress 
measurements  (K=Kounrad,  Z=Ziryanovsk);  T=the  fault  trenching  study  of  Kozlovskii  (1982);  and  the  location  of  the  Shagan 
River  test  site  (square)  within  the  Semipalatinsk  nuclear  weapons  proving  ground. 
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Figure  2.  Summary  of  strike  data  for  the 
mechanisms  of  tectonic  release  at  Shagan 
River,  compared  with  the  strike  of  the  Chinrau 
fault  and  one  of  the  nodal  planes  of  the 
mechanism  of  the  March  20,  1976  earthquake, 
as  determined  by  Pooley  et  al  (1982).  Note 
that,  whereas  the  strike-slip  mechanism  (right- 
lateral)  for  the  1979  explosion  conforms  well 
with  the  strike  of  the  Chinrau  fault,  the  thrust 
mechanisms  are  more  northerly  by  about  20°. 
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OBJECTIVE 

Computer  codes  capable  of  predicting  ground  motions  from  nuclear 
explosions  rely  on  sound  theoretical  models  of  dynamic  material  behavior 
near  the  source.  Development  and  validation  of  these  models  rely  on 
experimental  data  obtained  in  relevant  materials.  The  objective  of  this 
research  was  to  support  the  development  and  validation  of  material  models 
(1)  by  an  experimental  investigation  of  the  dynamic  response  of  Sierra 
White  granite,  a  representative  low  porosity  brittle  rock,  to  high 
amplitude  spherical  stress  waves  under  well  controlled  laboratory 
conditions.  The  investigation  included  the  effects  of  porosity,  pore 
water  content,  confining  pressure,  and  pore  pressure  (or  effective 
stress) . 

RESEARCH  ACCOMPLISHED 

The  research  accomplished  (2-4)  had  three  principal  tasks:  (1)  the 
development  of  techniques  for  enhancing  initial  porosity  conditions  in  the 
granite  samples,  (2)  the  development  of  a  method  for  independent  control 
of  confining  and  pore  pressures,  and  (3)  the  spherical  wave  experiments. 
The  completion  of  these  tasks  resulted  in  the  set  of  experiments 
summarized  in  Table  1. 


Table  1.  Particle  velocity  experiments  in  Sierra  White  granite 


Test  No. 

Frac .Type . 

Porosity 

<%) 

Pore  Cond. 

Confining  Press. 
(P3i) 

Pore  press 
(psi) 

308 

Thermal 

1.2 

dry 

2000 

_ 

309 

Intact 

0. 8-1.0 

saturated 

2000 

2000 

310 

Thermal 

1.2 

saturated 

2000 

2000 

473 

Ga3 

2.5 

saturated 

1800 

1800 

474 

Gas 

2.4 

saturated 

1600 

1600 

476 

Gas 

2.4 

dry 

2000 

- 

485 

Ga3 

2.8 

dry 

2000 

- 

488 

Gas 

2.7 

dry 

1000 

- 

491 

Ga3 

2.9 

saturated 

2000 

50 

492 

Gas 

2.6 

saturated 

1000 

50 

494 

Gas 

2.9 

saturated 

2000 

1000 

Porosity  effects  were  investigated  by  experiments  in  intact,  1.2%, 
and  2.5%  porosity  rock  in  dry  and  saturated  states.  Pore  water  effect  with 
different  porosities  was  studied  by  comparing  results  in  dry  and  water 
saturated  rock  with  zero  effective  3tress.  The  influence  of  confining 
pressure  and  non-zero  effective  stress  in  water  saturated  samples  was 
studied  by  various  combinations  of  1000  and  2000  psi  confining  pressures 
and  0  and  1000  psi  pore  pressures.  Before  presenting  the  results  that  show 
a  substantial  effect  of  the  parametric  variations,  we  briefly  describe  the 
experimental  techniques  used  for  generating  and  measuring  spherical  stress 
waves,  and  producing  the  initial  material  and  pressure  conditions. 


Stress  Wave  Generation  and  Measurement.  The  technique  for  measuring 
particle  velocities  generated  by  a  spherical  stress  wave  in  rock  samples 
is  shown  schematically  in  Figure  1.  The  test  samples  are  cylinders  with 
approximate  diameter  and  height  of  28  cm.  The  stress  waves  are  generated 
by  a  centrally  located  spherical  explosive  charge  consisting  of  3/8  gram 
of  PETN  powder  packed  to  a  density  of  1  g/cm^  ,  encased  in  a  0 . 24-mm-thick 
Lucite  shell  of  1.08  cm  outside  diameter.  The  particle  velocity  gages 
consist  of  concentric  circular  loops  of  insulated  0 . 25-mm-diameter  copper 
wire  placed  along  a  plane  normal  to  the  cylinder  axis  and  containing  the 
source  at  its  center.  A  constant,  uniform  magnetic  field  directed  normal 
to  the  plane  of  the  gages  is  generated  by  a  solenoid  placed  around  the 
sample.  Radial  expansion  of  a  particle  velocity  loop  generates  a  voltage 
(E)  proportional  to  the  magnetic  field  strength  (B) ,  the  current  gage 
length  (1)  and  the  radial  velocity  of  the  loop  (v)  according  to  Faraday's 
law:  E  =  Blv .  The  radially  oriented  gage  leads  make  no  contribution  to  the 
signal.  The  signal  at  a  gage  location  represents  the  response  of  an 
infinite  medium  until  wave  reflections  from  the  sample  boundary  reach  that 
location.  Time  integration  of  the  velocity  records  gives  particle 
displacements . 

For  installing  the  source  and  the  particle  velocity  gages  the  sample 
is  sectioned  at  its  midheight  and  the  surfaces  are  ground  flat  and  smooth. 
Hemispherical  cavities  are  cut  into  the  mating  surfaces  to  accept  the 
source,  and  an  axial  access  hole  is  cut  into  the  top  half  for  the  mild 
detonating  fuse  (MDF)  used  to  initiate  the  charge.  The  gage  wires,  epoxied 
into  0.3  mm  wide,  0 . 5  mm  deep  grooves,  represent  minimum  disturbance  to 
the  medium.  The  two  halves  of  the  sample  are  clamped  together  during  the 
experiment  by  the  applied  hydrostatic  pressure,  or  for  certain  test 
conditions  by  an  applied  axial  load  {3) .  The  experiments  were  conducted  in 
a  pressure  vessel.  Water  was  used  to  apply  the  confining  pressure  and  to 
saturate  the  pore  3pace.  Except  for  the  saturated  experiments  having  the 
same  confining  and  pore  pressures  (zero  effective  stress),  the  samples 
were  jacketed  in  rubber  Wilson  seals . 

Porosity  Enhancement.  A  thermal  technique  consisting  of  slow  heating  to 
350°C  followed  by  gradual  cooling  was  used  to  generate  an  initial  porosity 
of  about  1.2%  in  the  samples,  a  rather  small  increase  that  was  found  to 
have  negligible  effects.  A  substantial  increase  in  porosity  was  achieved 
by  following  this  heat  cycle  by  a  gas-fracturing  method  (3)  depicted  in 
Figure  2.  In  this  technique  the  rock  sample  is  placed  in  a  pressure  vessel 
that  has  a  rupture  diaphragm  incorporated  in  its  top  lid.  The  sample  is 
then  pressurized  with  nitrogen  to  about  2300  psi  which  breaks  the 
diaphragm  and  rapidly  decompresses  the  space  around  the  sample.  The  high 
pressure  gas  temporarily  trapped  in  the  pore  space  generates  a  large 
number  of  microscopic  and  macroscopic  cracks  resulting  in  porosities  of 
2.4  to  2.9%.  Large  scale  fracturing  of  the  sample  during  this  process  is 
supressed  by  tightly  packed  lead  shot  placed  around  the  sample.  The  change 
in  porosity  and  the  resulting  change  in  compressibility  and  other  material 
properties  induced  by  this  process  was  found  to  be  homogeneous  and 
isotropic  (5) . 

Saturation  and  Pore  Pressure  Control.  Water  saturation  of  the  test 
samples  was  accomplished  by  applying  vacuum  on  the  pore  space  then 
introducing  degassed,  deionized  water  under  pressure  for  a  sufficient  time 
to  achieve  complete  saturation.  For  the  jacketed,  saturated  experiments  a 
differential  between  confining  and  pore  pressures  could  be  maintained  by  a 
vent  tube  and  associated  valving  leading  from  the  space  inside  the  jacket 
to  outside  the  pressure  vessel. 


FIGURE  1  Schematic  of  configuration 
for  particle  velocity  experiments. 
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FIGURE  2  Schematic  of  gas-fracturing  arrange¬ 
ment  for  preparation  of  velocity  samples  to 
achieve  desired  porosity. 


Experimental  Results .  Particle  velocity  histories  were  obtained  at  4  to  7 
radial  locations.  The  velocity  signals  are  characterized  by  a  sharp  rise 
followed  by  a  gradual  decay  and  a  rebound.  The  parameters  varied 
influenced  the  rise  time,  peak  amplitude,  pulse  width  and  positive  pulse 
duration,  as  well  as  the  duration  and  amplitude  of  the  rebound.  The 
results  in  general  show  not  only  an  effect  of  the  experimental  parameters, 
but  a  dependence  on  radial  range  as  well.  Some  of  the  parametric 
variations  show  strong  effects,  others  indicate  trends.  In  general,  the 
most  significant  effects  were  observed  when  the  porosity  was  increased  to 
2.5%.  The  results  in  which  the  parametric  variations  had  a  substantial 
effect  are  the  following: 

(1)  In  dry  rock  with  a  porosity  of  about  2.5%,  lowering  the  confining 
pressure  from  2000  to  1000  psi  increases  the  maximum  displacements  by 
about  25%  due  to  wider  pulses,  as  illustrated  by  the  particle  velocity 
records  at  the  3.0  cm  location  shown  in  Figure  3  and  the  peak  displacement 
attenuation  plot  shown  in  Figure  4. 

(2)  For  dry  and  saturated  rock  with  a  porosity  of  2.5%,  zero  pore 
pressure,  and  confining  pressures  of  2000  and  1000  psi,  the  maximum 
particle  velocities  and  displacements  are  substantially  higher  in  the 
saturated  rock  at  large  ranges.  This  is  illustrated  by  the  velocity 
records  at  the  6.0  cm  location,  shown  in  Figure  5,  which  have  much  higher 
peaks  than  corresponding  records  in  dry  granite,  and  by  the  attenuation 
plots  of  Figures  6  and  7. 

(3)  In  saturated  rock  with  a  porosity  of  2.5%  and  a  confining  pressure  of 
2000  psi,  increasing  the  effective  stress  by  lowering  the  pore  pressure  to 
1000  psi  or  zero  produces  substantially  smaller  maximum  displacements 
because  of  narrower  pulses.  This  effect  is  shown  clearly  by  the  velocity 
and  displacement  records  in  Figures  8  and  9,  and  by  the  peak  displacement 
attenuation  plot  in  Figure  10. 


(4)  In  saturated  rock  with  both  confining  and  pore  pressures  of  2000  psi 
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FIGURE  3  Particle  velocities  3.0  cm  from  the 
center  of  coupled  explosion  in  dry  gas-fractured 
Sierra  White  granite. 
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of  coupled  explosion  in  saturated  gas-fractured 
Sierra  White  granite. 
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FIGURE  7  Pore  water  effect  on  peak  displace¬ 
ments  in  gas-fractured  Sierra  White  granite  at 
two  confining  pressures  and  negligible  pore 
pressure. 
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FIGURE  4  Effect  of  confining  pressure  Pc  on  peak 

displacements  in  dry  gas-fractured  Sierra  White 
granite 


FIGURE  6  Pore  water  effect  on  peak  velocities  in 
gas-fractured  Sierra  White  granite  at  two  con¬ 
fining  pressures  and  negligible  pore  pressure. 


FIGURE  8  Pore  pressure  effect  on  particle  veloci¬ 
ties  at  3.0  cm  from  center  of  coupled  explosion  in 
saturated  Sierra  White  granite. 
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FIGURE  9  Pore  pressure  effect  on  particle 
displacements  at  3.0  cm  from  center  of  coupled 
explosion  in  saturated  gas-fractured  Sierra  White 
granite. 


FIGURE  1 1  Porosity  effect  at  zero  effective 
stress  on  particle  velocities  at  3.0  cm  from  center 
of  coupled  explosion  in  saturated  gas-fractured 
Sierra  White  granite. 
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FIGURE  10  Pore  pressure  effect  on  peak  displace¬ 
ments  in  saturated  gas-fractured  Sierra  White 
granite. 
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FIGURE  12  Porosity  effect  at  zero  effective 
stress  on  particle  displacements  at  3.0  cm  from 
center  of  coupled  explosion  in  saturated  gas- 
fractured  Sierra  White  granite. 
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FIGURE  13  Poro6ity  effect  at  zero  effective 
stress  on  peak  velocities  in  saturated  gas- 
fractured  Sierra  White  granite. 
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FIGURE  14  Porosity  effect  at  zero  effective 
stress  on  peak  displacement  in  saturated  gas- 
fractured  Sierra  White  granite. 


(zero  effective  stress) ,  an  increase  of  porosity  from  the  intact  value  of 
1%  to  2.5%  produces  substantially  higher  maximum  velocities  and 
displacements,  especially  at  large  ranges.  Pulse  widths  are  increased 
significantly,  the  increase  ranging  from  a  factor  of  2  near  the  source  to 
a  factor  of  4  far  from  the  source.  Figures  11  through  14  illustrate  this 
effect . 

CONCLUSIONS  AND  RECOMMENDATIONS 

A  comprehensive  experimental  study  of  Sierra  White  granite  showed  the 
influences  of  increased  porosity,  pore  water  content,  and  confining  and 
pore  pressures,  on  the  dynamic  response  to  high  amplitude  spherical  waves 
in  the  region  near  the  source.  The  results  also  indicate  that  most  of  the 
significant  effects  increase  with  range,  thus  with  decreasing  stress 
levels.  In  light  of  the  results  and  the  overall  needs  of  the  Nuclear 
Monitoring  program  the  following  recommendations  are  made: 

(1)  Because  the  conclusions  reached  are  based  on  two,  or  even  a  single 
experiment,  we  recommend  a  repeat  of  the  key  experiments  in  Table  1. 

(2)  Since  most  of  the  key  effects  show  a  strong  dependence  on  range,  a 
set  of  experiments  should  be  conducted  to  study  the  influence  of  these 
parameters  on  low  amplitude  waves.  This  would  extend  the  relevance  of 
these  results  to  regions  far  from  the  source  in  lower  stress  regimes  of 
interest . 

(3)  An  analysis  of  the  results  should  be  conducted  to  understand  the 
underlying  mechanisms  controlling  the  observed  effects. 
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1,  Introduction 

The  overall  purpose  of  the  Ultrasonic  Physical  Modeling  Program  at  the  Rockwell  International 
Science  Center  is  to  model  seismic  wave  propagation  in  the  Earth  using  ultrasonic  wave 
propagation  in  scale  laboratory  models.  By  using  well  calibrated  sources  and  receivers  our  hope 
is  to  shed  light  on  the  effects  of  complex  structure  and  geology  on  the  propagation  of  seismic 
waves,  and  thus  aid  the  national  research  effort  in  seismic  monitoring  of  nuclear  explosions.  The 
intent  is  to  complement  numerical  modeling,  providing  insight  and  guidance  in  complex 
situations  where  such  modeling  may  not  yet  be  feasible,  owing  to  limitations  in  computer  power. 

In  this  report  we  study  wave  propagation  from  a  source  excited  in  a  scale  model  of  Yucca  Flat, 
Nevada. 


2.  Previous  Work  on  a  Cylindrical  "Graben" 

In  a  previous  report  (Vassiliou  et  al.,  1986)  we  addressed  the  propagation  of  ultrasonic  waves 
when  a  source  was  excited  in  a  cylindrical  low  velocity  "graben",  or  plug,  embedded  in  a  high 
velocity  medium.  The  high  velocity  medium  is  a  fine  grained  gabbro  with  VR  =  3.3  km/sec. 

The  plug  was  filled  with  lower  velocity  materials  (VR  =1-1.6  km/sec).  The  source  and  receiver 

were  respectively  a  breaking  pencil  lead  and  an  NBS-type  conical  transducer,  the  same  as  in  this 
study  (see  sections  3  and  4  below).  In  the  earlier  study  we  reached  the  following  conclusions: 

(1) .  The  presence  of  a  source  region  with  significantly  slower  velocities  than  the  surrounding 
region  appears  to  lead  to  a  more  complex  signal,  with  more  "ringing"  than  would  be  apparent  if 
there  were  no  such  source  region. 

(2) .  The  presence  of  such  a  source  region  appears  to  result  in  a  relative  amplification  of  the  high 
frequency  part  of  the  signal.  Periods  analogous  to  3  or  4  sec,  or  shorter,  in  the  Earth  appear  to 
be  amplified  relative  to  lower  frequencies. 

(3) .  When  the  source  is  set  off  in  the  graben  in  an  off-center  position,  a  radiation  pattern  is 
established,  with  amplitude  varying  by  a  factor  of  2  or  more.  Material  effects  appear  to  be 
accentuated  when  the  source  is  excited  off-center. 


3.  The  Present  Model 

We  have  constructed  an  accurate  scale  model  of  Yucca  Flat,  based  on  the  generalized  map  shown 
in  figure  1,  which  was  constructed  from  the  work  of  Ferguson  et  al.  (1986).  The  rectangular 
box  outlines  an  area  where  many  nuclear  explosions  have  been  detonated  (see,  e.  g., 
McLaughlin  et  al.,  1986).  The  basin  was  drilled  in  a  fine-grained  gabbro  "halfspace",  and  filled 
with  crystal  wax.  The  properties  of  the  gabbro  and  crystal  wax  are  given  in  table  1 .  The  source 
is  excited  on  the  surface  of  the  basin,  and  receivers  are  placed  outside  the  basin  on  the 
"halfspace",  as  shown  in  fig.  2. 

One  mm  in  the  model  represents  1  km  in  the  Earth.  If  the  material  filling  the  basin  in  the  Earth 


has  a  Rayleigh  wave  velocity  VRe  =  1.2  km/sec,  then  a  20  sec  Rayleigh  wave  in  the  Earth  has  a 
wavelength  of  24  km.  Thus  the  analog  of  the  Earth's  20  sec  Rayleigh  wave  has  a  wavelength  of 
24  mm.  Given  that  the  basin  fill  material  has  a  Rayleigh  wave  velocity  of  1.01  km/sec,  this 
corresponds  to  a  frequency  of  about  40  KHz. 

Thus,  in  this  scale  model  of  Yucca  Flat,  a  40  KHz  Rayleigh  wave  corresponds  roughly  to  a  20 
sec  Rayleigh  wave  in  the  Earth. 


4.  The  Receiver 

It  is  absolutely  imperative  in  a  study  of  this  kind  to  have  a  receiver  with  a  well  known  response. 
We  use  an  NBS-type  conical  transducer  (Proctor  1980, 1982a,b)  manufactured  by  Industrial 
Quality,  Inc.  This  transducer  is  a  vertical  component  displacement  sensor  with  a  1mm  contact 
area,  and  a  very  flat  response.  The  element  is  piezoceramic,  and  it  is  coupled  to  a  large  brass 
backing  which  effectively  eliminates  resonances,  as  well  as  minimizing  coherent  reflections  back 
into  the  element.  Typical  displacement  response  curves  for  this  transducer  are  reproduced  in 
Vassiliou  et  al.  (1986).  The  response  is  flat  enough  that  when  we  look  at  a  signal  from  this 
transducer,  we  can  consider  that  we  are  looking  essentially  at  raw  vertical  component 
displacement 


4.  The  Source 

Just  as  important  as  having  a  well  characterized  receiver  is  having  a  well  characterized  source. 
The  source  we  use  is  a  simple  one,  but  it  is  quite  effective.  Basically,  we  achieve  a 
near-step-function  point  unloading  of  the  surface  by  breaking  a  pencil  lead  on  it  This  is  a  variant 
of  the  well  known  breaking-glass-capillary  source  used  by  the  NBS,  and  is  discussed  in  detail  by 
Hsu  and  Hardy  (1978).  More  information  on  the  source  is  given  in  Vassiliou  et  al.  (1986). 


5.  Lamb'*  Problem 

Fig.  3  shows  the  result  of  a  measurement  made  by  setting  off  the  source  on  the  gabbro 
"halfspace",  and  recording  the  signal  received  by  the  transducer  200  mm  away  (the  standard 
distance  for  all  the  measurements  presented  in  this  report).  The  displacement  record  is  essentially 
a  solution  of  the  classic  Lamb's  problem  (see  e.g.  Miklowitz,  1978;  Mooney,  1974; 
Breckenridge  et  al.,  1975)  for  a  point  force  on  a  surface.  Fig.  3  shows,  for  comparison,  the 
result  of  Boler  et  al.  (1984)  for  a  similar  setup,  using  a  breaking  glass  capillary  source  and  a  true 
displacement  transducer.  The  results  are  very  similar  in  appearance  to  ours.  Boler  et  al.  include 
the  theoretical  response  computed  from  Lamb's  solution.  The  first  arrival  P  wave  is  very  small 
in  the  theoretical  solution,  and  is  very  small  in  Boler  et  al.’s  measurements.  In  our  results  there 
is  only  a  hint  of  it,  as  a  minor  inflection  before  the  onset  of  the  large  signal.  The  large  signal 
observed  in  both  our  record  and  in  Boler  et  al.'s  is,  of  course,  the  S  wave  followed  by  the 
Rayleigh  wave. 


6.  Source  Excited  Within  the  Scale  Model  of  Yucca  Flat 

Figs.  5-8  show  the  waveforms  obtained  when  the  source  was  excited  on  the  surface  of  the  basin. 
Fig.  4  shows,  for  comparison,  the  waveforms  obtained  when  the  source  was  excited  in  the 
gabbro  before  the  basin  was  excavated.  In  each  case  the  receiver  positions  are  identical-  200 
mm  from  the  same  reference  point  in  the  basin  (the  same  point  as  the  source  position  in  fig.  7). 

The  figures  are  meant  primarily  to  illustrate  waveform  character-  they  should  not  be  used  as  an 
accurate  guide  to  arrival  times.  Arrival  times  are  not  completely  reliable  because  of  triggering 
problems  in  the  apparatus  (which  have  been  rectified,  but  after  these  measurements  were  taken). 

Examination  of  figs.  5-8  yields  the  perhaps  rather  surprising  result  that  the  presence  of  the  basin 
does  not  seem  to  be  making  much  difference  in  the  shape  of  the  waveform.  When  the  source  is 
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anywhere  within  the  rectangular  box  representing  the  location  of  many  real  explosions  (figs.  5,6, 
and  7),  the  waveforms  appear  almost  like  halfspace  responses.  There  does  appear  to  be  some 
complexity  and  ringing,  but  nothing  like  what  is  observed  in  the  case  of  the  cylindrical  plug 
graben  (Vassiliou  et  al.,  1986).  The  loss  of  symmetry  in  going  from  a  cylindrical  plug  graben  to 
a  more  realistic  structure  seems  to  have  dramatically  reduced  the  focussing  effects. 

The  only  case  where  relatively  dramatic  effects  on  the  waveshapes  is  observed  is  shown  in  fig.  8, 
when  the  source  is  excited  over  the  deepest  portion  of  the  graben.  Here,  we  see  some  of  the 
same  kind  of  complexity  and  ringing  observed  by  Vassiliou  et  al.  (1986)  in  the  cylindrical  plug 
graben.  This  is  not  difficult  to  rationalize,  because  the  structure  at  this  position  locally 
approximates  a  plug  or  bowl-like  structure. 

7,  Sps-gBalRatios 

Figs.  9  and  10  show  some  spectral  ratios  for  the  data  in  figs.  6  and  8.  At  each  position,  the 
magnitude  spectrum  of  the  waveform  obtained  with  the  source  excited  on  the  basin  surface  is 
divided  by  the  magnitude  spectrum  of  the  waveform  obtained  through  the  gabbro  before  the  basin 
was  excavated.  If  the  spectral  value  in  the  denominator  is  too  small  (5%  or  less  of  its  maximum 
value),  the  ratio  is  set  to  zero.  Thus  we  obtain  some  notion  of  the  effect  of  the  structure  on  the 
wave  propagation. 

The  spectral  ratios  indicate  that  the  structure  seems  to  be  causing  some  amplification  of  high 
frequencies,  above  around  400  KHz,  relative  to  the  lower  frequencies.  The  spectral  ratio  for 
frequencies  lower  than  400  KHz  is  generally  close  to  1  or  2.  For  frequencies  higher  than  400 
KHz,  in  the  case  when  the  source  is  within  the  rectangle  in  the  northern  part  of  the  basin,  the 
spectral  ratio  reaches  a  maximum  of  about  5.  In  the  case  when  the  source  is  located  to  the  south, 
above  the  deepest  portion  of  the  basin,  the  spectral  ratio  in  the  high  frequency  portion  can  be  as 
high  as  20.  Remembering  from  Section  1  that  a  40  KHz  Rayleigh  wave  in  the  model  is 
analogous  to  a  20  sec  Rayleigh  wave  in  the  Earth,  we  see  that  the  amplification  is  occurring  for 
waves  analogous  to  ones  with  periods  of  2  sec  and  shorter  in  the  Earth. 

In  both  cases,  the  directions  of  greatest  relative  amplification  of  high  frequencies  appear  to  lie  to 
the  southeast  and  the  northwest 


8.  Conclusions 

We  have  dtocribed  experiments  intended  to  clarify  seismic  wave  propagation  from  sources 
actuated  in  graben-like  structures.  We  have  excavated  a  scale  model  (1mm  to  1  km)  of  Yucca 
Flat,  Nevada,  into  a  "halfspace"  of  fine-grained  gaw  bro,  and  filled  the  model  basin  with  low 
velocity  crystal  wax. 

We  have  excited  ultrasonic  waves  on  the  surface  of  the  model  basin  using  a  breaking  pencil  lead 
as  a  source;  this  source  represents  a  step  function  point  unloading  of  the  surface.  The  waves 
have  been  monitored  using  a  true-displacement  conical  transducer  placed  on  the  gabbro 
halfspace,  outside  the  basin,  200  mm  away  (this  corresponds  to  receivers  200  km  away  in  the 
Earth).  Rayleigh  waves  of  frequency  40  KHz  in  the  model  correspond  roughly  to  Rayleigh 
waves  of  period  20  sec  in  the  Earth. 

The  presence  of  the  basin  has  some  effect  on  the  waveforms  obtained  Some  ringing  and 
complexity  is  introduced  into  the  waveform,  compared  with  waveforms  obtained  on  a  halfspace 
without  a  basin  present.  However,  the  effects  are  less  dramatic  than  those  observed  when 
sources  are  excited  on  model  basins  which  are  perfectly  cylindrical  in  geometry  (Vassiliou  et  al., 
1986).  The  most  complex  waveforms  are  obtained  when  the  source  is  excited  over  the  deepest 
portion  of  the  graben.  Here,  we  see  some  of  the  same  kind  of  complexity  and  ringing  observed 
by  Vassiliou  et  al.  (1986)  in  the  cylindrical  plug  graben.  When  the  source  is  anywhere  within  the 
rectangular  box  representing  the  location  of  many  real  explosions  (figs.  5,6,  and  7),  the  effects 
are  much  less  pronounced:  the  waveforms  appear  almost  like  halfspace  r  sponses. 

The  presence  of  the  basin  seems  to  cause  some  amplification  of  higher  frequencies.  Frequencies 
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higher  than  about  400  KHz,  which  correspond  roughly  to  periods  of  2  sec  or  shorter  in  the 
Earth,  seem  to  be  amplified  relative  to  lower  frequencies.  This  occurs  most  when  the  source  is  in 
the  southern  portion  of  the  basin,  but  occurs  also  when  the  source  is  in  the  northern  portion.  The 
effect  seems  most  pronounced  for  directions  to  the  northwest  or  southeast. 
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Figure  Captions 

Figure  1 .  Generalized  map  of  Yucca  Flat  used  in  constructing  the  physical  model.  Map 

was  drawn  based  on  the  work  of  Ferguson  et  al.  (1986).  Large  rectangle 
delineates  area  where  many  explosions  were  located. 

Figure  2.  Overall  geometry  of  the  model. 

Figure  3.  Signal  observed  by  actuating  the  source  on  the  gabbro  "halfspace”.  Similar 
signals  obtained  by  Boler  et  al.  (1984)  are  shown  for  comparison. 


Figure  4.  Waveforms  obtained  on  the  gabbro  halfspace,  before  the  Yucca  Flat  model  was 
excavated.  Vertical  scale  is  50  millivolts  per  division.  Horizontal  scale  is  50 
microseconds  per  division. 

Figures  5-8.  Waveforms  obtained  from  sources  excited  on  the  surface  of  the  basin.  The  point 
"X"  in  each  case  is  the  reference  point--  all  receivers  are  200  mm  from  this 
reference  point.  The  dot  with  the  rays  coming  out  of  it  indicates  the  position  of 
the  source  in  each  case.  In  each  case,  the  vertical  scale  is  20  millivolts  per 
division,  and  the  horizontal  scale  is  20  microseconds  per  division. 

Figure  9.  Spectral  ratios  for  the  data  in  Figure  6.  At  each  position,  the  magnitude  spectrum 
of  the  waveform  obtained  with  the  source  excited  on  the  basin  surface  is  divided 
by  the  magnitude  spectrum  of  the  waveform  obtained  through  the  gabbro  before 
the  basin  was  excavated. 

Figure  10.  Spectral  ratios  for  the  data  in  figure  8.  At  each  position,  the  magnitude  spectrum 
of  the  waveform  obtained  with  the  source  excited  on  the  basin  surface  is  divided 
by  the  magnitude  spectrum  of  the  waveform  obtained  through  the  gabbro  before 
the  basin  was  excavated. 
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OBJECTIVE 

The  principal  objectives  of  the  aspects  of  the  project  reported  here  are:  to 
make  use  of  alternate  techniques  to  coda  Q  for  correcting  path  effects  and 
estimating  yields  of  Soviet  explosions  from  spectral  observations  of  Lg  at 
regional  or  teleseismic  (but  continental)  distances;  to  apply  signal  enhancement 
techniques  at  single  three-component  stations  to  isolate  separately  P,  S,  and  Lg 
phases  at  regional  distances;  and  to  determine  focal  depths  of  earthquakes  or 
explosions  by  stacking  cepstra  over  a  spatially  distributed  regional  array  to 
enhance  depth  phases  and  suppress  phases  that  have  variable  relative  delay  times 
over  the  array. 

RESEARCH  ACCOMPLISHED 

Previous  work  under  this  project  has  shown  that  the  effects  of  tectonic 
release  on  Lg  waves  is  negligible  or  slight  for  frequencies  above  about  .3  Hz  for 
both  NTS  and  the  Soviet  test  site  at  Semi palatinsk  and  that  the  transverse 
component  is  at  least  as  good  as  the  vertical  component  for  estimating  yield.  We 
have  concentrated  recently  on  the  two  spectral  techniques  that  allow  one  to  use 
single  stations  to  estimate  yield;  these  approaches  are  fundamentally  different 
from  the  coda-Q  technique.  It  should  be  noted  that  the  most  desirable  situation 
(which  we  do  not  have  presently)  is  a  spatially  well-distributed  array  with 
multiple  sources  either  concentrated  or  distributed  spatially;  this  permits  a 
three-way  decomposition  to  obtain  simultaneously  separate  least-squares  estimates 
of  reduced  displacement  potential  (or  moment)  for  each  event,  path  attenuation, 
and  station  site  amplification  all  as  a  function  of  frequency. 

One  of  these  techniques  applicable  to  the  Soviet  test  site  is  based  on  the 
observation  that  Nuttli's  mbLg  formula  for  eastern  US  earthquakes  appears  to  be 
transportable  to  the  Soviet  Union  (at  least  for  some  paths  from  Semipalatinsk , 
such  as  to  MAIO) .  By  using  the  observed  difference  in  excitation  of  Lg  for  the 
earthquake  of  20  March  1976  and  nearby  explosions  at  Semipalatinsk  an  empirical 
correction  factor  was  obtained  such  that  the  explosion  mbLg  calculated  using  this 
correction  term  should  agree  with  Nuttli’s  coda-Q  Lg  magnitude  and  with  mb. 

Figure  1  shows  a  plot  of  mbLg  determined  in  this  manner  using  Grafenberg 
observations  compared  to  Nuttli's  coda-Q  mbLg  estimates  using  different 
stations.  The  values  typically  agree  within  .1  magnitude  units.  The  GRF  data 
were  taken  from  a  frequency  band  centered  at  .7  Hz,  the  frequency  at  which  we 
obtained  the  least  scatter  in  a  regression  against  mb.  Figure  2  shows  a  plot  of 


our  mbLg  vs  mb(ISC).  These  data  can  be  used  together  with  Nuttli's  mbLg(coda  Q) 
vs  yield  calibration  curve  from  NTS  or  alternative  calibration  curves  to  estimate 
yields  of  the  Soviet  explosions. 

The  second  method  for  correcting  for  path  effects  and  estimating  source 
strength  (yield)  consists  of  using  noise-corrected  Lg  spectra  for  a  suite  of 
explosions  at  Semipalatinsk  recorded  at  a  given  station  to  obtain  by  least 
squares  regression  on  the  log  amplitude  spectra  the  best  estimate  of  the 
attenuation  parameter  1/QU.  This  average  value  is  then  applied  to  obtain  the 
noise-  and  attenuation-corrected  source  spectrum  for  each  event.  By  comparing 
this  source  spectrum  with  theoretical  excitation  spectra  (e.g.  Von  Seggern- 
Blandford)  for  different  yields  one  can  obtain  a  yield  estimate.  Alternatively 
empirical  reduced  displacement  potential  curves  developed  from  experience  at  NTS 
or  elsewhere  can  be  used  for  the  interpretation .  Table  1  gives  the  results  of 
applying  this  approach  to  18  Semipalatinsk  events  and  2  Azgir  explosions  recorded 
by  the  Grafenberg  array.  The  number  in  parenthesis  indicates  the  number  of 
stations  used  in  the  estimate.  The  spectral  slope  was  obtained  using  the  .3-1.2 
Hz  band  which  we  determined  to  have  good  signal  to  noise  ratios  and  negligible 
contributions  from  tectonic  release.  Note  that  the  average  Q  for  this  band  is 
comparable  to  that  in  eastern  North  America  and  close  to  the  value  incorporated 
in  Nuttli's  mbLg  expression  for  magnitude.  Figure  4  shows  typical  examples  of  the 
"observed"  reduced  displacement  potential  for  several  Semipalatinsk  explosions 
compared  to  the  Von  Seggern-  Blandford  theoretical  curves  for  various  yields  in 
granite.  These  spectral  fits  give  least-squares  estimates  of  yield  for  each 
event.  Figure  3  shows  a  plot  of  mb  vs  yield  for  27  Semipalatinsk  explosions 
determined  using  this  method.  There  is  an  obvious  linear  trend  with  relatively 
small  scatter;  these  yield  estimates  agree  well  with  Nuttli’s  estimates  for  these 
same  events  using  coda-Q.  Averaging  such  estimates  over  as  many  stations  as 
possible  would  give  even  better  yield  values.  Note  that  this  method  is 
fundamentally  different  from  the  coda-Q  method. 

For  a  low  yield  TTBT  or  a  comprehensive  test  ban  it  is  likely  that 
individual  three-component  stations  at  regional  distances  will  provide  much,  if 
not  all,  of  the  seismic  information  on  small  events.  Therefore,  it  is  important 
to  identify  and  enhance  crustal  P,  S  and  Lg  arrivals  in  the  typically  complicated 
regional  signals.  We  have  found  that  combined  band-pass  filtering  and  (spectral) 
polarization-filtering  effectively  enhances  desired  regional  phases.  It  is 
especially  important  for  isolating  the  S-wave  arrivals  which  typically  are 
difficult  to  extract  from  the  P-coda,  higher  mode  surface  waves  and  noise.  We 
have  applied  these  techniques  tc  small  events  recorded  at  regional  distances  in 
eastern  North  America.  Figure  5  depicts  one  example  from  a  recent  study  by 
Borkowski  (1987);  this  event  is  an  mbLg  ^.2  event  observed  at  a  distance  of  ^01 
km. 

Focal  depth  determination  using  regional  observations  is  very  difficult 
unless  it  happens  that  the  event  is  located  close  to  one  of  the  observing 
stations.  Because  signal  bandwidth  at  regional  distances  extends  to  relatively 
high  frequencies  (15-20  Hz  or  higher)  cepstral  methods,  can  in  principle,  be 
applied  to  estimate  focal  depths  even  for  very  shallow  depths .However ,  regional 
recordings  typically  contain  multiple  arrivals  including  near-recei ver  scattered 
or  mode-converted  arrivals  that  can  be  confused  with  true  depth  phases  (pP  and 
sP) .  We  have  found  that  by  using  cepstra  of  long  P-wave  windows  and  stacking 


over  a  regional  array  distributed  in  distance  and  azimuth,  the  depth  phases  are 
greatly  enhanced.  In  particular,  the  product  of  individual  cepstra  produces  the 
best  results  for  events  that  we  have  analyzed  for  which  independent  estimates  of 
depth  are  accurately  known.  Figure  6  shows  the  results  of  cepstral  stacking  for 
the  regional  stations  shown  tnat  recorded  the  April  22,  1982  mbLg  *1.2  Lancaster, 
Pennsylvania  earthquake  (Stockar,  1986).  From  the  focal  mechanism  for  this  event 
most  of  the  observing  stations  would  record  a  strong  sP  and  a  very  weak  pP.  The 
depth  obtained  from  the  peak  (sP)  at  1.95  sec  is  4.7  km,  which  is  in  good 
agreement  with  the  4.14-4.7  km  depth  estimated  for  this  event's  aftershocks  using 
a  local  source  array.  Figure  7  shows  similar  results  for  a  magnitude  3.3  (Me) 
aftershock  at  Ardsley,  New  York,  recorded  at  the  regional  stations  shown 
(Borkowski,  1987).  The  depth  estimated  from  the  sP  peak  at  2.11  sec  is  5.63  km 
compared  with  an  estimate  of  5.60  km  by  Woodward-Clyde  Consultants  based  on  a 
hypocenter  location  that  included  nearby  stations.  In  both  cases  the  depth 
phases  are  significantly  enhanced  by  the  stacking  and  it  appears  this  approach 
may  be  very  effective  in  estimating  source  depth  from  regional  network 
observations . 

CONCLUSIONS  AND  RECOMMENDATIONS 

Application  of  an  empirical  approach  to  correct  observed  Lg  spectra  for 
propagation  effects  gives  estimates  of  the  source  reduced  displacement  potential 
vs.  frequency  fr  m  which  estimates  of  yield  for  Soviet  explosions  can  be  made. 

In  addition  an  mbLg  calibration  technique  using  the  differential  excitation  of  Lg 
by  an  earthquake  near  the  Soviet  test  site  compared  to  nearby  explosions  gives 
mbLg  values  comparable  to  those  obtained  by  Nuttli  using  coda-Q.  Nuttli's  mbLg 
vs.  yield  curve  can  be  used  with  these  values  to  estimate  yield. 

These  approaches  should  be  applied  to  a  larger  number  of  observing  stations 
to  determine  the  variability  for  different  paths  and  to  obtain  better  yield 
estimates  through  averaging  of  individual  station  estimates.  A  broader  Lg 
bandwidth  with  good  S/N  would  likely  give  still  better  estimates  of  the  source 
RDP. 


The  signal  enhancement  techniques  discussed  help  significantly  in  the 
identification  and  isolation  of  desired  crustal  phases.  Stacking  of  cepstra  over 
a  spatially  distributed  regional  array  significantly  enhances  source  depth  phases; 
It  appears  they  can  be  used  to  obtain  very  good  depth  estimates  (better  than  .5 
km  in  the  cases  studied). 

Additional  events  whose  depths  are  independently  known  should  be 
investigated.  The  technique  should  also  ue  applied  to  quarry  blasts  to  determine 
whether  there  is  evidence  of  ripple-firing  and  whether  such  events  can  be 
distinguished  from  single  sources. 
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OBJECTIVE 


A  program  of  studies  is  being  undertaken  to  investigate  the  aspects  of 
regional  wave  propagation  that  affect  discrimination.  It  is  well  known  that 
the  characteristics  of  regional  phases  vary  between  tectonic  and  shield  areas. 
We  present  examples  of  detailed  wave  propagation  modeling  of  regional  data 
from  several  areas  within  North  America. 

RESEARCH  ACCOMPLISHED 

The  October  11,  1983  earthquake  near  Ottawa  (mLg  4.2)  was  well  recorded 
on  the  Eastern  Canada  Telemetered  Network  over  ranges  of  20  -  1000  km.  Data 
from  a  nearby  crustal  refraction  experiment  (Mereu,  et  al.,  1986)  provide  not 
only  a  detailed  velocity  structure  from  which  to  model  the  earthquake,  but 
also  a  comparison  between  earthquake  and  explosion  sources.  By  plotting  the 
explosion  data  with  an  S-wave  reduction  velocity  as  shown  in  Figure  la,  we  see 
the  fundamental  mode  Rayleigh  wave  dominating  the  waveforms  within  100  km. 
Strong  high-frequency  phases  identified  as  S  waves  post-critically  reflected 
from  the  Moho  are  the  controlling  feature  beyond  100  km.  A  plot  of  the  peak 
particle  velocity  with  distance  (Figure  lb)  illustrates  that  different  phases 
control  the  peak  ground  motion  at  different  ranges.  Since  the  relative 
excitation  of  these  phases  is  dependent  on  crustal  structure  as  well  as  source 
mechanism  and  depth,  a  single  attenuation  curve  fit  to  the  data  is 
inappropriate  for  predicting  ground  motions  for  other  situations. 

Vertical  velocity  records  observed  for  the  Ottawa  earthquake  within  200 
km  of  the  source  are  plotted  in  Figure  2a.  The  observations  are  quite  sparse, 
but  may  be  adequately  interpolated  using  generalized  ray  synthetic  seismograms 
with  empirical  source  functions  (Figure  2b).  Since  the  earthquake  occurred  at 
a  depth  of  15.5  km,  the  Rayleigh  wave  excitation  is  greatly  reduced,  and  the 
peak  ground  motion  is  controlled  by  the  S  wave  and  the  post -critical  Moho 
reflection.  The  synthetic  modeling  indicates  that  the  earthquake  body  waves 
are  quite  sensitive  to  the  interference  between  upgoing  energy  and  rays  that 
depart  downward  from  the  source.  The  effect  is  most  important  for  shallow 
events,  such  as  the  March  31  aftershock  of  the  January  9,  1982  Miramichi,  New 
Brunswick  earthquake  (Figure  2c).  This  event  occurred  at  3.5  km  depth  in  the 
Appalachian  crustal  structure.  By  modeling  simultaneously  the  P  and  S  waves 
from  three  aftershocks,  we  have  obtained  a  detailed  crustal  velocity  structure 
model  that  includes  a  mid-crustal  discontinuity  and  a  deep  Moho.  The 
semi -empirical  generalized  ray  synthetics  are  shown  in  Figure  2d,  and  include 
high-frequency  arrivals  due  to  post-critical  reflections  from  both  the 
mid-crustal  and  Moho  discontinuities.  Details  of  the  structure  models  and 
synthetic  modeling  may  be  found  in  Barker,  et  al.  (1987). 
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A  modal  summation  technique  is  used  to  investigate  the  effects  of  source 
depth,  attenuation  and  near-surface  velocity  structure  on  the  relative 
excitation  of  fundamental  and  higher  modes  observed  from  quarry  blasts  in 
southern  New  England.  Shown  in  Figure  3a  are  synthetics  computed  to  10  Hz  for 
the  localized  crustal  structure  model  of  Saikia,  et  al.  (1987).  The  relative 
excitation  of  the  first  and  second  higher  modes  increases  as  the  depth  of  the 
explosion  source  is  increased  from  0.  to  0.5  km.  As  shown  in  Figure  3b, 
however,  the  inclusion  of  a  realistic  anelastic  Q  model  (Q^  from  100  -  200  in 
top  2.5  km)  effectively  eliminates  the  higher  modes  and  reduces  the 
fundamental  mode  amplitude.  Adding  a  surface  till  layer  (0.1  km  thick  in 
Figure  3c)  increases  the  complexity  of  the  fundamental  mode.  However,  there 
appears  to  be  a  critical  value  of  the  layer  thickness  such  that  for  a  very 
thin  layer  (0.01  km  in  Figure  3d)  these  effects  are  not  observed. 

Plane-layered  structure  models  are  often  inadequate  to  explain  regional 
observations,  particularly  for  shallow  sources.  The  use  of  numerical 
techniques  enables  the  specification  of  lateral  structure  variations  and 
improves  the  modeling.  Ho-Liu  and  Helmberger  (1987)  used  the  structure  model 
shown  at  the  top  of  Figure  4a  to  model  broad-band  observations  at  Pasadena 
from  earthquakes  in  the  Imperial  Valley.  Finite  difference  synthetic  S  and 
Love  waves  are  shown  in  Figure  4a  for  a  source  at  7.C  km  depth  in  the  Imperial 
Valley  at  a  number  of  ranges.  The  basin  structure  of  the  Imperial  Valley  sets 
up  a  characteristic  dispersion  in  the  waveforms  that  cannot  be  modeled  with 
plane-layered  structures.  This  dispersion  is  strongly  dependent  upon  source 
depth,  and  as  shown  in  Figure  4b  for  a  range  of  262  km,  has  a  profound  effect 
on  the  character  and  amplitude  of  the  synthesized  waveforms. 

CONCLUSIONS  AND  RECOMMENDATIONS 

We  have  undertaken  studies  into  the  effects  of  crustal  velocity 
structure,  source  mechanism  and  depth  that  can  be  deterministically  modeled  in 
regional  waveforms.  These  broad-band  effects  are  important  in  the  calibration 
of  a  region,  particularly  for  depth  discriminants  based  on  body  wave/surface 
wave  excitation. 
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Figure  1.  a)  Vertical  velocity  recordings  of  the  COCRUST  refraction  survey  near  Ottawa,  plotted 
with  on  S-wave  reduction  velocity  of  A. 5  km/s.  Also  shown  are  S-wave  travel-time  curves  for  the 
Grenville  crustal  velocity  structure  model  determined  for  these  data,  b)  Attenuation  of 
observed  peak  vertical  velocity  for  the  COCRUST  refraction  profile.  Also  indicated  are  the 
types  of  waves  that  account  for  the  peak  velocity. 
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Figure  2.  e)  Vertical  velocity  recordings  froa  ECTN  stations  within  200  kn  of  the  1983  Ottawa 
earthquake.  Superimposed  are  the  S-wsve  travel -tine  curves  for  a  source  at  15.5  km  depth  in  the 
Grenville  velocity  structure  model,  b)  Semi •empirical,  synthetic  vertical  velocity  seismograms 
for  a  profile  running  N45*E  from  the  Ottawa  earthquake,  c)  Vertical  velocity  recordings  from 
ECTN  stations  within  300  ka  of  the  March  31  aftershock.  Superimposed  are  the  S-wave  travel-time 
curves  for  a  source  at  3.5  km  depth  in  the  Appalachian  velocity  structure  model,  d) 
Semi -empirical,  synthetic  vertical  velocity  seismograms  for  a  profile  running  N60°U  from  the 
March  31  New  Brunswick  aftershock. 
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Flgur*  3.  a)  Synthetic  vertical  velocity  seismograms  computed  by  modal  summation  for  an 
explosion  source  at  0.,  0.2  and  0.5  km  depth  In  southern  New  England  structure.  The  three 
pulses  at  0.5  km  depth  correspond  to  the  first,  second  and  fundamental  modes,  consecutively  b) 
The  same  synthetic  seismograms  when  a  realistic  attenuation  model  is  included,  c)  Synthetics 
for  an  explosion  source  at  0.,  0.3  and  0.6  km  depth  when  a  till  layer  of  thickness  0.1  km  is 
added  to  the  top  of  the  structure  model,  d)  The  same  synthetics  with  a  very  thin  (0  01  kn 
thick)  till  layer. 
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Figure  A.  a)  SH  and  Love  waves  computed  for  a  laterally  varying  structure  model  using  a  finite 
difference  approach.  The  source  is  in  the  Imperial  Valley  (left)  and  receivers  are  located 
along  a  line  toward  Pasadena,  b)  The  effect  of  source  depth  on  the  finite  difference  synthetics 
computed  at  a  range  of  262  km. 


Application  of  the 

Theory  of  Wave  Propagation  through  Random  Media 
to  Phase  and  Amplitude  Fluctuations  of  Seismic  P-Waves 
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Physics  and  Richter  Seismological  Laboratory 
University  of  California,  Santa  Crus  95064 

OBJECTIVE 

The  long-term  objective  of  this  work  is  to  develop  a  quantitative  understanding  of  the 
fluctuations  in  phase  and  amplitude  of  seismic  wave  propagation  due  to  kilometer-scale 
variations  in  wave  velocity  within  the  earth.  The  theoretical  approach  is  to  describe 
these  variations  in  a  statistical  way:  in  particular  to  consider  the  variations  as 
represented  by  a  spectrum  that  depends  on  depth,  and  may  depend  on  geographical 
location.  Data  that  are  relevant  to  this  approach  include  wave-forms  with  frequency 
content  above  one  Hertz  received  on  seismic  arrays  or  on  world-wide  networks.  Rela¬ 
tively  high-frequency  data  is  desirable  because  the  ability  to  discriminate  small  struc¬ 
ture  is  dependent  on  the  wave  having  relatively  short  wavelength.  Seismic  arrays 
whose  elements  are  spaced  in  the  kilometers  to  tens-of-kilometers  regime  provide  ana¬ 
lysing  power  in  that  regime.  Arrays  with  larger  spacing,  such  as  world-wide  networks, 
can  still  probe  small  scales  if  the  various  available  sources  have  separations  in  the 
above  range;  this  can  occur  for  earthquakes  in  active  regions,  or  for  nuclear  explosions 
distributed  within  test  sites. 

It  is  not  likely  that  the  seismological  community  will  ever  have  a  complete  map  of  inho¬ 
mogeneities  in  the  earth  down  to  kilometer  scales.  Therefore  we  will  not  be  able  to 
completely  predict  travel-time  and  amplitude  fluctuations  for  a  source-receiver 
geometry  that  is  even  a  few  kilometers  different  from  previously  measured  situations.  If 
we  have  a  realistic  statistical  picture  of  the  small-scale  structure  in  wave-speed  within 
the  earth,  then  the  theory  of  wave  propagation  through  random  media  can  be  used  to 
predict  the  scale  and  strength  of  travel-time  and  amplitude  fluctuations  due  to  earth 
structure.  This  information  can  then  be  used  to  calculate  the  accuracy  of  yield  esti¬ 
mates  and  detection  thresholds  based  on  seismic  information  from  an  arbitrary  array  of 
seismometers,  with  a  priori  knowledge  of  results  from  nearby  explosions  or  earthquakes. 
Furthermore,  this  knowledge  can  be  used  to  design  arrays  in  an  optimal  fashion  to  deal 
with  random  earth  structure. 


RESEARCH  ACCOMPLISHMENTS 

We  set  ourselves  the  task  of  determining  how  deep  structure  must  extend  to  explain  the 
travel-time  and  amplitude  fluctuations  observed  on  the  NORSAR  array.  Our  results  can 
be  summarized  in  the  following  way:  first,  we  have  pointed  out  that  the  log-amplitude 
and  travel-time  fluctuations  at  large  seismograph  arrays  like  NORSAR  and  LASA  have 
further  important  statistical  information  that  has  not  been  utilized  in  previous  ana¬ 
lyses,  especially  the  coherence  function  of  waves  from  different  sources,  and  hence 
different  incoming  directions;  second,  we  have  carried  out  a  statistical  analysis  of  NOR¬ 
SAR  data  that  includes  this  new  information;  third,  we  have  presented  results  from  the 


modern  theory  of  wave  propagation  through  random  media  (WPRM)  that  are  some¬ 
what  simpler  than  Chernov’s,  because  they  are  partially  in  the  wavenumber  domain, 
and  can  accomodate  easily  any  model  of  the  medium  spectrum;  and  fourth,  we  have 
presented  a  model  of  the  inhomogeneities  in  the  lithosphere  and  asthenosphere  under 
the  NORSAR  array  that  is  consistent  with  the  available  data. 

There  are  three  variances  involved  in  travel-time  and  log-amplitude  fluctuations;  the 
variances  of  travel-time  and  log-amplitude,  and  the  covariance  between  the  two.  Each 
of  these  variances  leads  to  a  coherence  function  of  any  variable  being  investigated;  for 
example,  previous  analyses  have  used  the  travel-time  and  log-amplitude  transverse 
coherence  functions  (TCF’s),  but  we  have  analyzed  for  the  first  time  the  transverse 
cross-coherence  function  between  travel-time  and  log-amplitude,  and  the  set  of  three 
angular  coherence  functions  (ACF’s).  Since  the  difference  in  direction  between  two 
beams  may  be  as  small  as  1  * ,  the  angular  coherence  functions  at  a  given  receiver  probe 
(in  a  statistical  sense)  inhomogeneities  that  are  quite  small:  on  the  order  of  one  kilome¬ 
ter  at  60-km  depth.  The  transverse  coherence  functions  from  a  coarse  ariay  with  ~  10 
km  spacing  cannot  probe  for  medium  structure  smaller  than  10  km. 

The  NORSAR  data  used  in  our  analysis  consists  of  the  travel- time  anomalies  at  22  subar¬ 
rays  for  104  beams;  and  the  log-amplitude  fluctuations  at  22  subarrays  for  185  beams. 
All  the  beams  have  incoming  directions  within  a  35°  cone  around  the  zenith.  The 
smallest  distance  between  subarrays  is  about  10  km,  and  the  largest  is  about  100  km. 
The  data  used  were  filtered  for  1-3  Hz,  so  the  nominal  frequency  is  2  Hz.  It  is  impor¬ 
tant  to  realize  that  the  data  we  analyze  is  insensitive  to  inhomogeneity  wavelengths 
greater  than  about  100  km,  because  of  the  finite  size  of  the  array,  and  is  also  insensitive 
to  inhomogeneity  wavelengths  less  than  about  5  km,  because  of  two  effects:  first  the 
data  are  averages  over  subarrays  that  are  7  km  in  diameter,  and  second,  the 
wavelengths  of  the  seismic  waves  are  about  4  km. 

It  does  not  take  a  sophisticated  theory  to  draw  some  dramatic  conclusions  from  the 
new  analysis  of  NORSAR  data.  Briefly,  the  log-amplitude  ACF  drops  rapidly  reaching  a 
value  of  0.5  at  an  angle  of  2° ,  followed  by  a  more  gradual  drop  to  0.1  at  10' .  In  con¬ 
trast,  the  travel-time  (phase)  ACF  drops  much  more  slowly,  implying  much  larger-scale 
structure.  Yet  all  the  TCF’s  apparently  have  scales  in  the  range  of  10-20  km.  We  have 
found  that  medium  spectral  models  that  are  homogeneous  in  depth  (*hat  is,  the  spec¬ 
trum  does  not  change  with  depth)  down  to  a  cutoff  depth  between  0  and  500  km  cannot 
fit  all  the  data.  Our  models  will  all  involve  medium  spectra  characterized  by  a  power 
law  K~*  over  the  sensitive  wavenumber  band  (5<X  <100 km).  Figure  1  shows  the  best 
fit  to  a  model  involving  a  single  component  (with  p  =  2.6)  from  the  surface  to  a  depth 
^=263  km.  The  fit  has  a  x2  — 179  for  130  degrees  of  freedom.  Figure  2  shows  the  best 
fit  to  a  model  involving  two  components  with  different  power-law  indices  (p1=1.6  and 
p2=5.5),  both  extending  from  the  surface  to  r1=268km.  The  fit  has  a  \2  =132  for  128 
degrees  of  freedom.  Though  the  x2  value  is  not  bad,  there  are  systematic  disagreements 
between  the  data  and  the  predictions  of  all  the  one-layer  models  we  have  tried. 

We  suggest  a  two-overlapping-layer  model  consisting  of  an  upper  layer  with  significant 
small  scale  structure  (p  =  0)  spanning  0<z<140km  and  a  lower  layer  with  strength 
concentrated  at  large  scales  (p  =4.8)  spanning  15 <z  <240 km.  (See  Figure  3.  This  fit 
has  x2=H2  for  128  degrees  of  freedom.)  A  specific  prediction  of  the  model  we  suggest  is 
a  rapid  drop  in  the  log-amplitude  TCF  for  separations  of  a  few  kilometers,  followed  by 


a  more  gradual  drop  with  a  scale  of  tens  of  kilometers.  We  have  checked  this  predic¬ 
tion  by  determining  the  TCF  of  log-amplitude  from  the  individual  s  ‘ions  at  NORSAR, 
using  13  nuclear-explosion  events.  We  find  consistency  with  our  pre  iction,  giving  us 
some  confidence  in  our  interpretation. 

CONCLUSIONS  AND  RECOMMENDATIONS 

We  conclude  that  small-scale  structure  in  the  spatial  distribution  of  wavesp:td  is 
required  down  to  about  240  km  under  the  NORSAJR  array  to  explain  the  NORSAR  data. 
Furthermore,  we  find  that  considerable  constraint  on  the  possible  models  of  medium 
spectra  as  a  function  of  depth  are  provided  by  the  combination  of  the  TCF’s  and 
ACF’s. 

Further  worn,  is  recommended  in  a  number  of  directions.  First,  we  should  extend  our 
data  set  for  the  NORSAR  array  to  include  dependence  on  seismic  frequency.  Second,  we 
should  realize  that  the  raw  data  contain  more  information  than  the  ACF’s  and  the 
TCF’s,  because  these  functions  do  not  contain  certain  aspects  of  the  relation  between 
arrival  angle  and  transverse  separation.  Third,  other  data  sets  should  be  analysed  from 
the  statistical  point  of  view.  For  example,  data  from  the  NORESS  array,  in  conjunction 
with  the  NORSAR  data,  would  provide  finer  constraints.  Also,  data  from  the  New  Eng¬ 
land  array,  from  the  old  LASA  array,  and  from  world-wide  networks  looking  at  clusters 
jf  events,  such  as  nuclear  explosions  at  NTS,  can  be  used  to  find  medium  spectra  under 
New  England,  Montana,  and  Nevada. 

Another  recommended  direction  of  investigation  is  the  use  of  our  derived  models  of 
medium  spectra  to  calculate  fundamental  limits  on  the  accuracy  of  measurement  of 
yield,  and  to  calculate  signal-to-no'se  and  detection  thresholds,  for  future  nuclear  events 
that  may  be  set  off  at  different  locations,  either  close  to  or  far  from,  previously  meas¬ 
ured  events.  These  calculations  can  be  done  for  any  type  of  seismic  method  of  estimat¬ 
ing  yield,  not  just  teleseismic  P-wave  amplitude  or  wave-form  characteristics.  For 
example,  Pn/ Sn  strengths  are  dependent  on  the  medium  spectrum  of  the  lithosphere, 
and  a  theory  can  be  developed  to  predict  that  dependence,  given  a  medium  spectrum. 

A  final  comment  to  emphasize  is  that  many  o.  the  calculations  envisaged  for  the  future 
will  be  more  complicated  than  the  ones  carried  out  up  to  this  point;  these  future  calcu¬ 
lations  will  require  some  numerical  simulations  of  three-dimensional,  forward  wave  pro¬ 
pagation.  We  now  have  the  capability,  through  codes  we  have  developed  on  the  CRAY, 
of  doing  some  of  those  calculations. 
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Q  as  a  Function  of  Depth  Beneath  a  Tectonically  Active  Area 
Stephen  Grand  and  Xiao-Yang  Ding,  Department  of  Geology,  University  of  Illinois 
Urbana-Champaign,  EL,  USA  61801 


Objective 

Determining  the  Q  of  the  earth  as  a  function  of  depth  as  well  as  how  it  varies  laterally  is 
an  important  problem  for  remotely  determining  the  yields  of  nuclear  explosions.  This  study  is 
an  attempt  to  detetmine  the  relationship  between  Q  and  shear  velocity  in  the  upper  mantle. 
There  are  several  proven  techniques  for  remotely  sensing  upper  mantle  shear  structure.  If  Q  can 
be  related  to  mantle  shear  velocity  anomalies,  an  estimate  of  the  t*  bias  for  just  about  any  test 
site  could  be  made  by  doing  a  relatively  easy  upper  mantle  shear  structure  study. 

Research  Accomplished 

We  have  begun  this  study  by  analyzing  S,  SS,  SSS  and  SSSS  phases  which  have  pro¬ 
pagated  up  the  East  Pacific  Rise  and  were  recorded  on  WWSSN  and  CSN  long-period  stations 
in  western  North  America.  The  events  and  stations  used  are  shown  in  Fig.  1.  Also  in  Fig.  1  is 
a  map  of  shear  velocity  variation  beneath  the  North  American  plate  at  a  depth  of  about  185  km 
(taken  from  Grand  (1987)).  The  paths  of  the  data  used  here  are  all  beneath  ocean  younger  than 
20  Ma  or  within  the  slow  western  part  of  North  America.  Der  et  al.  (1982)  studied  Q  variation 
beneath  stations  within  the  United  States.  They  found  the  highest  Q’s  beneath  stations  in  the 
north  central  part  of  the  country  and  the  lowest  beneath  the  south-western  United  States.  The 
north-eastern  United  States  and  the  rest  of  the  western  area  showed  intermediate  attenuation. 
The  range  in  t*a  bias  was  on  the  order  of  .2  sec.  We  are  encouraged  by  the  correlation  of  the 
shear  velocity  in  the  low-velocity  zone  and  the  measurements  of  t*  bias  by  Der  et  al..  Note,  in 
particular,  the  intermediate  shear  velocities  found  beneath  the  eastern  states  and  the  northwest. 

The  paths  of  the  data  studied  here  sample  the  slowest  mantle  shown  in  Fig.  1.  Parts  of  the 
propagation  paths  are  south  of  the  structure  shown  but  the  travel-times  of  the  shear  phases  are 
similar  to  the  times  measured  for  paths  further  to  the  north.  Thus  we  assume  our  data  is  sam¬ 
pling  a  shear  velocity  structure  similar  to  that  beneath  the  Basin  and  Range  and  thus  a  Q  struc¬ 
ture  similar  to  the  lowest  Q  structure  within  the  United  States.  The  approach  we  will  take  to 
determine  the  upper  mantle  Q  for  this  structure  is  to  model  the  relative  amplitude  decay  of  mul¬ 
tiple  bounce  shear  phases  with  similar  raypaths  through  the  mantle.  Grand  and  Helmberger 
(1984)  have  modeled  S  and  SS  phases  to  determine  upper  mantle  shear  velocity  structure.  We 
will  use  their  model  TNA,  appropriate  for  the  western  United  States  and  the  northern  East 
Pacific  Rise,  as  the  velocity  structure  in  this  study.  This  model  predicts  a  large  S  wave  ampli¬ 
tude  from  17.5°  to  19J5°  distance  where  an  arrival  from  a  strong  gradient  near  300  km  depth 
constructively  interferes  with  an  arrival  from  the  400  km  discontinuity.  The  same  rays  should 
cross  for  SS  from  35°  to  39°,  for  SSS  from  52.5°  to  58.5°  and  for  SSSS  from  70°  to  78°  Fig.  2 
shows  a  profile  of  data  up  the  East  Pacific  Rise  illustrating  these  phases.  The  S  waves  are 
aligned  at  zero  time  and  are  normalized  in  amplitude.  The  amplified  arrival  discussed  above  can 
be  seen  near  the  end  of  the  seismogram  at  the  appropriate  distances.  A  double  arrival  is  seen  in 
SS  from  48°  to  52°  a:<i  in  SSS  from  70°  to  75°.  This  is  the  result  of  the  triplication  due  to  the 
650  km  discontinuity.  We  will  concentrate  here  on  the  amplitude  decay  of  the  arrivals  from 
above  400  km  depth  relative  to  the  S  waves  bottoming  in  the  lower  mantle. 

The  sensitivity  to  Q  in  this  study  results  from  the  very  long  travel-times  in  the  shallow 
mantle  of  the  multiple  S  phases.  For  instance,  the  amplified  300-400  km  depth  SSSS  arrival  at 
74°  has  a  travel-time  of  about  1900  sec.  Small  changes  in  Q  in  the  upper  300  km  result  in  large 
changes  in  t*  for  this  arrival.  Fig.  3  illustrates  this  point.  Shown  there  are  three  Q  models 
above  and  synthetics  for  the  three  models  below.  The  solid  line  Q  model  is  what  we  found  to 
be  appropriate  for  the  young  East  Pacific  and  corresponds  to  the  middle  synthetic.  Below  500 
km,  the  PREM  Q  model  of  Dziewonski  and  Anderson  (1981)  was  used.  The  synthetics  are 


commuted  using  the  WKBJ  technique  (Chapman,  1978).  For  each  ray  computed  in  the  synthetic, 
the  t  for  that  ray  is  also  computed  and  the  appropriate  Futterman  operator  was  then  convolved 
with  the  response  due  to  that  ray.  In  this  figure  the  S  waves  are  normalized  in  amplitude  and 
aligned  at  zero  time.  Following  S  are  SS,  a  double  SSS  arrival  from  the  650  km  discontinuity 
and  the  amplified  SSSS  arrival  from  300  km  depth.  The  t*  for  the  SSSS  300  km  arrival  varies 
from  10  sec  for  the  high  Q  model  to  21  sec  for  the  middle  model  to  38  sec  for  the  low  Q 
model.  Note  the  large  change  in  die  SSSS  relative  amplitude.  These  kind  of  amplitude  changes 
in  SSSS  are  easily  distinguished  in  the  data.  For  reference,  if  we  use  the  relation  t*p  =  4t*a 
(Burdick,  1978),  we  can  compute  the  At*a  bias  for  one-way  teleseismic  propagation  through  the 
three  models.  Taking  the  high  Q  model  as  o,  the  second  model  predicts  a  At*a  of  .16  sec  and 
the  third  .26  sec  for  one-way  propagation  at  60°  distance. 

The  solid  line  Q  model  in  Fig.  3  does  a  good  job  of  fitting  the  multiple  S  amplitudes.  Fig. 
4  shows  a  comparison  of  synthetics  and  data  using  the  TNA  velocity  model  and  the  middle  Q 
model  of  Fig.  3.  The  amplified  300  km  depth  arrival  corresponds  to  the  SS  phase  in  the  first 
two  records,  the  SSS  phase  in  the  middle  two  and  the  SSSS  phase  for  the  last  two.  The  ampli¬ 
tudes  shown  here  are  similar  to  those  for  many  other  seismograms  from  the  same  area,  some  of 
which  are  shown  in  Fig.  2.  Our  model  has  a  Q  of  60  from  40  to  150  km  depth  and  reaches  150 
below  300  km  depth.  Over  broad  tectonically  active  areas,  it  is  not  possible  to  have  Q’s  below 
50  distributed  over  more  than  a  100  km  depth.  If  this  were  the  case,  the  SSSS  phases  shown 
here  would  have  far  lower  amplitudes  than  observed. 

Conclusions 

We  have  derived  an  uftper  mantle  Q  model  appropriate  for  tectonically  active  areas.  Using 
this  model  and  the  relation  t  p,  =  4t*a  we  can  estimate  At*a  biases  due  to  the  upper  mantle  varia¬ 
tions  associated  with  different  tectonic  provinces.  The  high  Q  model  in  Fig.  3  may  be  appropri¬ 
ate  for  shield  regions  if  Q  variations  are  limited  to  the  seismic  lithosphere  ie.  above  170  km 
depth.  The  At*a  bias  would  then  be  .16  sec  between  shield  and  tectonic  areas.  A  maximum 
bias  estimate  can  be  made  by  assuming  shield  Q’s  are  infinite  to  375  km  depth,  the  depth  to 
which  velocity  variations  persist  The  bias  for  this  extreme  model  is  only  .28  sec.  We  conclude 
that  the  tectonic  environment  At*a  bias  between  active  and  stable  areas  is  probably  .2  to  .25  sec, 
in  good  agreement  with  Der  et  al.  (1982).  Larger  t*  biases  must  be  due  to  lower  mantle  Q 
heterogeneity  or  to  extremely  anomalous  shallow  low  Q  structure  not  generally  associated  with 
tectonically  active  areas. 
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Figure  1.  The  upper  panel  shows  the  variation  of  shear  velocity  for  a  layer  from  140  to 
235  km  depth  derived  by  a  tomographic  inversion  of  shear  phase  travel-times.  The  scale  is 
shown  below  in  terms  of  percentage  change  in  velocity  and  the  slanted  line  areas  indicate  little 
or  no  resolution.  The  lower  map  shows  the  location  of  earthquakes  (stars  along  the  East  Pacific 
Rise)  and  the  stations,  which  are  labeled,  used  in  this  study. 
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Figure  2.  A  profile  of  data  which  has  propagated  up  the  East  Pacific  Rise  is  shown  The  < 
waves  are  aligned  at  zero  time  and  normalized  in  amplitude.  From  30°  to  45°  onlv  S  SS  anc 
the  beginning  of  the  Love  wave  are  apparent.  Beyond  48°,  the  upper  mantle  SSS  wave  can  be 
followed  reaching  a  maximum  amplitude  between  55°  and  58°  SSSS  is  visible  beyond  65°  as  a 

large  downswing  following  SSS.  Note  the  effect  of  the  |  phase  shift  for  each  bounce.  SSS 

and  SSSS  have  a  ji  phase  shift  relative  to  S  and  SS  respectively. 
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Figure  3.  The  upper  part  of  the  figure  shows  three  Q  models.  The  solid  line  represents  a 
model  which  fits  the  amplitudes  of  the  multiple  bounce  shear  phases  shown  in  Fig.  2.  Synthet¬ 
ics  for  a  distance  of  74°  are  shown  below  computed  with  identical  velocity  models  but  with  the 
three  Q  models  shown  above.  The  upper  synthetic  corresponds  to  the  low  Q  model  and  the 
lower  synthetic  to  the  high  Q  model.  The  S  waves  are  normalized  in  amplitude  and  are  fol¬ 
lowed  sequentially  by  SS,  SSS  and  SSSS.  Relative  to  S,  the  SSSS  phase  changes  dramatically 
in  amplitude  depending  on  the  shallow  Q  structure.  Note  that  the  SS  and  SSS  waves  arc  not 
very  sensitive  to  the  changes  in  Q  shown  above. 
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Figure  4.  Data  and  synthetics  (beneath  the  data)  are  compared  using  the  middle  Q  model  in  Fig 
3.  The  seismograms  were  chosen  to  illustrate  the  amplified  300  km  depth  arrival  which  appears 
as  SS  in  the  upper  two  records,  SSS  in  the  middle  two  and  SSSS  in  the  lower  two.  The  dis¬ 
tances  of  the  seismograms  are  indicated  at  the  side  with  the  station  which  recorded  the  data 
Note  the  excellent  fit  of  the  300  km  arrival  from  SS  through  SSSS.  The  worst  agreement  is  for 
SSS  at  75°  and  76°.  This  may  be  due  to  errors  in  the  velocity  model  near  650  km  depth 
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OBJECTIVE 

The  aim  of  this  work  is  to  develop  techniques  for  handling  guided  wave  propagation  in 
three-dimensionally  heterogeneous  media,  especially  for  Lg  waves,  in  order  to  improve  the 
understanding  of  the  nature  of  regional  seismic  phases  and  the  way  in  which  the 
characteristics  of  the  seismic  source  can  be  modified  by  propagation  to  the  receiver. 

A  good  description  of  the  general  character  of  the  seismic  wavefield  at  regional 
distances  is  obtained  by  using  a  horizontally  stratified  earth  model  and  computing  synthetic 
seismograms  for  the  phases  of  interest.  These  construction  techniques  depend  on  the 
independent  propagation  of  plane  wave  components  in  media  with  no  horizontal  change  in 
properties.  As  a  result,  the  response  of  the  medium  to  excitation  by  an  earthquake  or 
explosive  source  can  be  constructed  in  the  frequency/wavenumber  domain.  Theoretical 
seismograms  can  then  be  constructed  by  numerical  integration  with  the  inclusion  of 
appropriate  horizontal  phase  factors. 

Once  the  properties  of  the  earth  model  vary  horizontally  as  well  as  with  depth,  as 
happens  in  the  real  Earth,  the  simplicity  of  this  construction  scheme  is  lost.  Although  it  is 
still  possible  to  make  a  description  of  the  wave  propagation  process  in  the 
frequency/wavenumber  domain  there  is  now  coupling  between  different  wavenumber 
components  induced  by  the  presence  of  horizontal  heterogeneity  (Kennett  1972,1986).  A 
direct  numerical  scheme  based  on  this  procedure  is  possible  but  is  computationally  very 
intensive,  and  currently  only  suitable  for  small  distances  away  from  the  source,  around  50 
km  for  1  Hz  dominant  frequency  (Haines  1987). 

However,  most  of  the  regional  phases  of  interest  for  nuclear  discrimination  problems 
are  observed  after  propagation  through  considerable  distances.  These  phases  are  mostly 
guided  through  the  crust  and  uppermost  mantle,  which  from  a  variety  of  studies  are  known 
to  be  regions  with  very  considerable  horizontal  variability  in  properties. 

What  is  therefore  needed  are  schemes  which  allow  the  tracking  of  guided  seismic  wave 
propagation  through  a  horizontally  heterogeneous  crust  for  distances  up  to  1000  km  or 
more.  Such  methods  should  be  able  to  be  used  with  three-dimensional  variations  in 
seismic  properties  superimposed  on  the  normal  increase  in  seismic  wave  velocities  with 
depth.  A  suitable  candidate  is  the  coupled  mode  scheme  described  by  Kennett  (1984) 
which  has  already  been  used  with  some  success  in  understanding  the  characteristics  of  Lg 
wave  behaviour  (Kennett  &  Mykkeltveit  1984). 

RESEARCH  ACCOMPLISHED 

Attention  has  so  far  been  concentrated  on  testing  the  limitations  of  the  Kennett  (1984) 
calculation  scheme  and  in  assessing  suitable  approximations  to  improve  computational 
performance. 

The  technique  depends  on  representing  the  seismic  displacement  and  traction  fields 
within  a  laterally  heterogeneous  medium,  at  a  single  frequency,  as  a  sum  of  contributions 
from  the  modal  eigenfunctions  of  a  reference  structure,  with  coefficients  which  vary  with 
position.  The  evolution  of  these  modal  expansion  coefficient  terms  can  be  described  by  a 
set  of  coupled  partial  differential  equations  in  the  horizontal  coordinates.  When  the  medium 
is  two-dimensional,  the  calculations  can  be  recast  as  the  solution  of  non-linear  differential 


equations  for  the  reflection  and  transmission  matrices  connecting  the  modal  expansion 
coefficients  at  different  positions.  The  advantage  of  this  rearrangement  is  that,  for  each 
frequency,  the  boundary  conditions  on  the  differential  equations  are  simplified  for  a 
generally  heterogeneous  medium. 

If  we  adopt  a  reference  medium  which  does  not  vary  with  horizontal  position,  the 
individual  mode  contributions  propagate  independently  in  that  structure.  However,  once 
the  properties  of  the  true  medium  differ  from  the  reference,  the  independence  of  modal 
propagation  is  lost.  The  effect  of  the  heterogeneity  enters  into  the  differential  equations  for 
the  modal  expansion  coefficients  via  a  coupling  matrix  whose  dimensions  are  dictated  by 
the  number  of  modes  included  in  the  calculation. 

The  choice  of  the  number  of  modes  is  of  considerable  importance,  all  the  significant 
wavenumber  components  for  the  seismic  phase  of  interest  should  be  included,  as  well  as  an 
allowance  for  steeper  angles  of  propagation  than  would  be  present  in  the  reference  medium, 
in  order  to  allow  for  scattering  effects.  The  demands  of  computation  are  that  the  number  of 
modes  should  be  kept  as  small  as  possible,  since  the  computation  time  depends  on  the 
square  of  the  number  of  modes.  On  the  other  hand  if  the  truncation  is  too  tight,  a  poor 
representation  of  the  displacement  field  can  ensue  and  the  results  are  of  limited  use. 
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Figure  1:  ARANDA  reference  model  and  Love  mode  eigenfunctions  with  phase 
velocity  less  than  4.54  km/s  at  frequency  1  Hz. 

In  figure  1  we  illustrate  the  reference  model  (ARANDA)  used  for  Lg  mode 
calculations,  and  the  modal  eigenfunctions  for  the  15  Love  modes  included  in  calculations 
at  1  Hz.  The  cut-off  criterion  was  based  on  the  effective  depth  of  penetration  of  the  modes. 
The  fundamental  mode  and  first  9  higher  modes  are  confined  to  the  crust,  and  are  the  main 
contributors  to  Lg.  Mode  10  begins  to  have  significant  displacement  in  the  mantle,  and  the 
remaining  modes  carry  their  main  energy  in  the  mantle  and  represent  the  Sn  phase.  The 
truncation  is  made  at  a  phase  velocity  of  4.54  km/s,  corresponding  in  this  model  to  a 
penetration  depth  of  about  100  km.  Features  in  the  wave  propagation  process 
corresponding  to  higher  phase  velocities  than  4.54  km/s  cannot  be  represented  by  this 
coupled  mode  calculation. 
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As  a  result,  the  approach  is  well  suited  to  heterogeneous  models  where  the  behaviour 
consists  of  relatively  random  variations  about  the  properties  of  the  reference  model  (see 
e.g.  fig  2).  In  this  case,  a  single  incident  mode  will  interact  with  a  limited  number  of 
neighbouring  modes  so  that  the  coupling  matrix  is  diagonal  dominated  with  a  limited 
effective  bandwidth  (cf  fig  3). 

Significant  perturbations  of  the  major  interfaces  in  the  model  lead  to  much  more 
extensive  coupling  between  modes  and  can  induce  relatively  steep  angles  of  propagation. 
If  such  features  are  required  in  the  models  to  be  considered,  then  a  broad  sweep  of  modes 
must  be  taken  for  the  reference  model  (for  the  Lg  case  at  1  Hz,  at  least  20).  With  the 
benefit  of  hindsight,  it  would  appear  that  the  calculations  of  Kennett  &  Mykkeltveit  (1984) 
on  the  influence  of  graben  structures  lie  at  the  limit  of  acceptable  model  variations  for  the 
modal  set  adopted. 
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Figure  2:  ARANDA  reference  model  and  shaded  contour  plot  of  perturbations  for 
model  D  used  for  Lg  wave  transmission  studies. 


In  figure  2  we  show  a  two-dimensional  test  model  constructed  to  examine  the 
frequency  dependence  of  the  mode-coupling  for  Lg  waves.  This  figure  shows  the 
ARANDA  reference  model,  and  a  shaded  contour  map  representation  of  the  perturbations 
in  seismic  velocity  about  the  reference.  Vertical  shading  indicates  slower  velocities  and 
horizontal  shading  higher  velocities,  up  to  a  maximum  of  2  per  cent  variation.  The 
horizontal  scale  of  variation  is  on  the  order  of  100  km  so  that  there  is  no  sharp  variation  in 
properties.  As  a  result,  reflected  waves  are  relatively  unimportant.  Tests  are  underway  to 
establish  the  conditions  under  which  such  reflected  waves  can  be  neglected,  which  would 
give  substantial  computational  savings. 
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Figure  3:  Representation  ot  the  transmission  matrix  for  the  modes  of  Fig  1  after 

passage  through  1000  km  of  model  D.  Amplitude  values  less  than]  are  left  blank. 

After  passage  through  1000  km  of  such  a  heterogeneous  structure,  the  energy 
originally  in  an  incident  mode  is  no  longer  confined  to  that  particlar  mode.  In  figure  3  we 
show  the  transmission  matrix  for  the  mode  set  in  fig  1 ,  after  passage  through  the  model  in 
fig  2.  Each  column  of  the  matrix  corresponds  to  the  incidence  of  a  single  mode  of 
amplitude  100  at  0  km.  We  see  that  the  behaviour  is  diagonal  dominated,  but  that 
significant  mode  conversions  can  occur.  For  the  Lg  type  modes  the  bandwidth  for 
significant  interaction  is  typically  ±  2  modes.  The  strong  interaction  of  modes  1  and  2 
arises  because  of  their  similar  shape  in  the  top  10  km.  For  the  Sn  modes  the  eigenfunctions 
are  very  similar  and  there  is  strong  interaction  due  to  mantle  perturbation  extending  to  200 
km  (the  lower  portion  is  not  shown  in  fig  2).  However  the  separation  from  the  Lg  modes 
is  striking;  there  is  very  little  interaction  except  for  mode  10  which  shares  some  of  the 
characteristics  of  each  group. 

We  should  note  that  even  for  the  moderately  heterogeneous  model  D  (fig  2)  there  has 
been  a  significant  modification  of  the  distribution  of  energy  between  modes  after  passage 
through  1000  km  of  structure.  Such  modifications  over  a  band  of  frequencies  will  lead  to 
theoretical  seismograms  which  will  differ  from  the  predictions  for  the  horizontally  stratified 
reference  model. 

As  the  frequency  increases  the  number  of  modes  need  to  cover  the  smae  phase  velocity 
range  increases,  which  causes  some  problems  in  combining  the  results  from  different 
frequencies.  The  increased  size  of  the  differenti  J  equation  system  also  means  an  increase 
in  computation  time  as  the  square  of  the  number  of  modes  if  all  mode  interactions  have  to 


be  considered.  Fortunately,  present  tests  indicate  that  for  the  same  model  the  bandwidthnof 
interaction  increases  only  slowly  with  frequency.  For  the  Lg  waves  propagating  through 
models  similar  to  that  shown  in  fig  2,  computations  can  be  restructed  to  a  band  of  3  modes 
either  side  of  the  target  mode  without  appreciable  error.  At  1.5  Hz  with  21  modes 
included,  this  bandwidth  restriction  has  the  effect  of  reducing  computation  tin  ,  by  nearly  a 
factor  of  three. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  current  research  effort  has  been  directed  towards  determining  the  numerical 
characteristics  of  the  Kennett  (1984)  mode-coupling  scheme  for  guided  wave  propagation 
over  extended  distances  at  frequencies  of  1  Hz  and  above.  The  existing  models  are 
two-dimensional  and  calculations  are  carried  out  for  one  frequency  at  a  time. 

The  next  phase  of  work  will  be  directed  towards  using  the  experience  from  the 
two-dimensional  models  to  design  a  computational  scheme  for  mode-coupling  in 
three-dimensions  for  both  Love  and  Rayleigh  waves.  This  schem  will  take  advantage  of 
approximations  such  as  limited  bandwidth  of  interaction  to  reduce  total  computatic  n  time 
We  will  also  pursue  the  problem  of  generating  effective  and  consistent  theoretical 
seismograms  by  combing  mode-coupling  results  from  a  number  of  frequencies. 

This  approach  to  the  calculation  of  guided  wave  propagation  has  the  potential  r-  enable 
the  character  of  Lg  wave  propagation  to  be  determined  for  classes  of  model  which  cannot 
easily  be  treated  by  other  means .  This  should  allow  an  assessment  of  structural  effects  on 
regional  phase  propagation  which  will  be  complementary  to  existing  techniques  using 
horizontally  stratified  models. 
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OBJECTIVE 

The  objective  of  this  research  is  to  refine  a  methodology  for  determining  the 
yields  of  nuclear  events  using  the  Lg  phase  and  to  study  the  factors  which 
influence  those  yield  determinations.  One  of  the  more  important  factors  which 
influence  yield  determinations  from  Lg  waves  is  seismic  absorption  (or  Q-1).  It  is 
known  to  vary  from  region  to  region  and  also  to  vary  with  frequency;  the  degree 
of  frequency  dependence  also  varies  regionally.  We  therefore  have  attempted  to 
study  crustal  Q  to  see  how  it  and  its  frequency  dependence  vary  for  various  type 
regions  which  include  both  stable  shields  and  areas  which  have  undergone  rela¬ 
tively  recent  tectonic  activity. 

We  also  wish  to  compare  various  methods  of  determining  Q  and  its  frequency 
dependence  for  Lg  waves,  using  l)  the  coda-Q  method,  2)  a  spectral-ratio  method, 
and  3)  the  decrease  of  amplitude  with  increasing  distance.  These  methods  are 
applied  to  data  from  southern  Africa. 

Finally,  we  wish  to  determine  mb(Lg)  values  for  a  set  of  Novaya  Zemlya 
explosions,  ranging  in  mb(P)  value  from  4.2  to  6.9. 

RESEARCH  ACCOMPLISHED 

Seismic  surface  waves  at  intermediate  periods  (5-100  s)  have  been  used  to 
study  the  anelastic  properties  of  the  crust  and  upper  mantle  in  several  regions. 
Observed  attenuation  coefficients  are  inverted  to  yield  shear-wave  Q  values  as  a 
function  of  depth.  Stochastic  inversion  methods  which  have  commonly  been  used 
to  obtain  the  Q-1  models  usually  produce  models  with  very  high  Q  values  at  large 
depths.  This  result  occurs  because  the  inversion  for  Q-1  is  a  linear  process  in 
which  the  starting  model  for  Q-1  is  assumed  to  be  0  at  all  depths.  Consequently, 
in  depth  intervals  where  resolving  power  is  low,  the  Q-1  values  tend  to  remain 
close  to  the  low  values  of  the  starting  model.  This  problem  has  been  avoided  in 
recent  inversions  by  using  a  differential  inversion  process  in  which  differences  in 
Q_1  between  adjacent  layers  are  minimized  (Russell,  1987).  Models  resulting  from 
the  new  inversion  process  are  characterized  by  higher  values  of  Q-1,  or  lower  Q 
values,  through  the  lower  crust  and  upper  mantle  than  those  which  were  found 
earlier.  A  summary  of  the  new  models,  from  Hwang  and  Mitchell  (1987),  appear 
in  Figure  1.  As  found  previously,  shear  wave  Q  values  are  much  lower  beneath 
tectonically  active  areas  than  beneath  stable  regions.  All  regions  exhibit  Q  values 
which  are  lower  in  the  crust  and  upper  mantle  than  in  the  upper  crust.  Models 
for  the  stable  portions  of  North  America  and  South  America  achieve  minimum 
shear-wave  Q  values  of  about  120  whereas  those  for  the  tectonically  active  por¬ 
tions  of  the  continents,  as  well  as  the  Himalaya,  are  about  40.  Q  values  for  the 
Indian  shield  lie  in  an  intermediate  range.  The  low-Q  values  in  the  lower  crust 
and  upper  mantle  can  have  a  significant  effect  on  the  attenuation  of  Lg  at  1  Hz, 
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and  thus  yield  determination,  at  regional  distances.  If  the  low  Q  values  in  the 
Himalaya  are  neglected,  for  instance,  velocity  and  Q  models  for  that  region  pro¬ 
duce  synthetic  Lg  wave  trains  which  lead  to  attenuation  coefficient  values  which 
are  5%  or  more  lower  than  those  for  a  model  which  includes  the  low-Q  values. 

The  coda-Q  method  was  applied  to  the  analog  WWSSN  stations  in  South 
Africa,  namely  BUL,  GRM,  PRE  and  WIN,  using  as  data  source  earthquakes  in 
southern  Africa.  These  data  by  themselves  gave  ambiguous  results,  namely 
different  possible  combinations  of  Qq  and  the  frequency  exponent.  However,  when 
a  spectral  ratio  method,  using  the  spectra  of  equal  time  intervals  but  of  different 
lapse  time  in  the  coda,  was  applied  to  digital  data  from  stations  BUL  and  SLR, 
stable  values  of  Q0  were  obtained.  This  allows  the  frequency  exponent  to  be 
determined  from  the  coda-Q  values.  For  the  earthquakes  and  stations  considered 
the  frequency  exponent  was  found  to  be  0.4,  and  the  Qq  values  varied  from  430  to 
740  for  various  earthquake  to  station  paths.  The  smallest  values  were  observed 
for  station  GRM,  on  the  southern  coast  of  the  continent.  For  all  other  stations 
the  values  of  Qq  were  600  or  greater,  values  typical  of  shield  regions. 

Chow  et  al.  (1980)  determined  Qc  vallues  in  southern  Africa  using  the  fall-off 
of  Lg  amplitudes  with  distance  in  the  range  of  0°  to  30°,  using  the  data  of  575 
shallow  earthquakes  recorded  by  a  Rhodesian  seismograph  network.  They 
obtained  an  average  Q0  value  of  603  ±  50  for  propagation  paths  that  lie  along 
and  across  the  East  African  rift  system. 

Values  of  mb(Lg)  were  determined  for  29  Novaya  Zemlya  explosions,  from  18 
September  1964  to  25  September  1983,  and  of  ISC  mb(P)  values  ranging  from  4.2 
to  6.9.  The  necessary  data  were  obtained  from  film  copies  of  the  WWSSN  sta¬ 
tions  at  Copenhagen,  Kevo,  Kingsbay,  Kongsberg,  Nurmijarvi,  Stuttgart  and 
Umea. 

Preliminary  estimates  of  the  1-Hz  Q  values  of  Lg  waves,  and  of  the  frequency 
dependence  of  Q,  were  obtained  by  measuring  the  change  in  wave  frequency  with 
increasing  time  in  the  Lg  coda.  The  Q0  values  obtained  in  this  way  for  the  paths 
from  Novaya  Zemlya  to  the  stations  are:  COP  (628  ±  39),  KEV  (259  ±  14),  KBS 
(316  ±  23),  KON  (490  ±  43),  NUR  (420  ±  22),  STU  (488  ±  17),  UME  (437  ±  17). 
Station  corrections  were  then  determined  using  mb(Lg)  values  of  events  recorded 
by  at  least  5  of  the  7  stations  and  on  70-mm  microfilm.  This  resulted  in  revised 
Qo  values  of:  COP  (633),  KEV  (252),  KBS  (315),  KON  (496),  NUR  (420),  STU 
(531),  UME  (391).  The  final  Q0  values  for  only  STU  and  UME  fall  outside  the 
original  mean  ±  1  S.D.  values. 

Only  4  of  the  29  explosions  were  located  in  the  southern  part  of  Novaya  Zem¬ 
lya.  No  large  difference  in  Qq  values  for  the  two  test  site  areas  could  be  observed 
for  the  stations  used  in  the  study,  which  varied  in  epicentral  distance  between 
1000  km  (KEV)  and  3500  km  (STU). 

The  linear  least-squares  relation  between  mb(Lg)  and  mb(P)  was  found  to  be 

mb(Lg)  =  (0.586  ±  0.166)  +  (0.921  ±  0.028)  mb(P) 

where  ISC  values  of  mb(P),  given  only  to  the  nearest  tenth  of  a  unit,  were  used. 
Explosions  for  which  data  of  fewer  than  4  stations  were  usable,  of  explosions  of 
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which  the  standard  deviation  of  mb(Lg)  exceeded  0.15  units,  and  of  explosions 
after  1977  for  which  the  copies  of  the  WWSSN  seismograms  are  on  microfiche, 
were  given  only  one-half  weight.  The  mb(Lg)  values  estimated  from  microfiche 
copies  likely  are  minimum  values,  as  the  poor  quality  of  the  copy  makes  it 
difficult  to  see  the  turning  points  of  the  maximum  amplitude  Lg  waves. 

If  a  slope  of  unity  is  assumed  between  mb(Lg)  and  mb(P), 

(mb(P)  -  mb(Lg))average  =  -0.11  ±  0.02 

This  suggests  an  mb(P)  bias  of  0.20  units  between  NTS  and  Novaya  Zemlya,  if 
the  Lg-wave  coupling  is  the  same  in  the  two  areas.  The  ±  0.02  is  the  standard 
error  of  the  mean. 

The  largest  explosions  occurred  on  12  September  1973  (mb(P)  =  6.8)  and  27 
October  1973  (mb(P)  =  6.9).  Their  mb(Lg)  values  were  6.89  ±  0.18  and  6.97  ± 
0.20,  respectively.  The  large  standard  deviations  may  result  from  the  largest  Lg 
amplitudes  being  off-scale  at  some  of  the  stations.  If  that  is  the  case,  the  mb(Lg) 
values  for  the  two  events  will  be  larger  than  given  above.  Assuming  that  the 
NTS-obtained  mb(Lg)  versus  yield  relation  applies  (Nuttli,  1986),  the  quadratic 
form  of  the  relation  gives  estimated  yields  of  3600  and  5100  kt  for  the  two  events. 
The  linear  NTS  relation  gives  estimates  of  2400  and  3000  kt,  respectively.  Dahl- 
man  and  Israelson  (l  977)  obtained  estimates  of  2700  kt  and  3200  kt,  respectively. 
By  waveform  correlation  Burger  et  al.  (1986)  obtained  estimated  yields  of  1402 
and  1820  kt,  respectively.  Using  mb(P),  Sykes  and  Ruggi  (1986)  obtained  2099 
and  4055  kt,  respectively.  Their  Ms  values  give  yields  of  1569  and  2841  kt, 
respectively. 

The  largest  Novaya  Zemlya  explosion  since  April  1976  was  that  of  18  August 
1983,  which  had  an  estimated  yield,  using  the  linear  NTS  relation  of  Nuttli 
(1986),  of  158  kt. 

CONCLUSIONS  AND  RECOMMENDATIONS 

New  shear-wave  Q  models  obtained  from  the  inversion  of  attenuation 
coefficients  of  Rayleigh  waves  at  intermediate  periods  lead  to  models  which 
include  low  values  of  Q  at  lower  crustal  and  upper  mantle  depths.  Minimum 
upper  mantle  shear-wave  Q  values  range  from  about  120  in  stable  regions  to 
about  40  in  tectonically  active  regions.  The  low  Q  values  in  the  lower  crust  and 
upper  mantle  have  a  significant  effect  on  the  attenuation  of  1-Hz  Lg  waves. 

Three  methods  give  similar  results  for  the  average  anelastic  attenuation  of  Lg 
waves  across  southern  Africa.  The  results  are  given  by  Q(f)  =  600  f°  4  for  frequen¬ 
cies  of  about  0.5  to  3  Hz.  Future  work  should  include  an  extension  of  the  area 
studied  to  other  parts  of  Africa. 

The  WWSSN  station  distribution  for  Novaya  Zemlya  explosions  is  better 
than  that  for  NTS  or  East  Kazakhstan.  Therefore  the  resulting  Q0  and  mb(Lg) 
values  should  be  better  determined  for  the  former.  The  principal  problems 
encountered  were  that  the  maximum  Lg  wave  amplitudes  may  have  gone  off  the 
seismograms  for  the  very  large  explosions,  and  that  the  microfiche  copies  are  of 
poor  quality  for  reading  short-period  wave  amplitudes.  The  mb(Lg)  yield  esti¬ 
mates  of  the  two  largest  explosions  are  similar  to  those  obtained  by  other 
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investigators  using  P-wave  or  surface-wave  data. 
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Figure  1.  Shear-wave  Qg  models  obtained  from  the  inversions  of 
surface-wave  attenuation-coefficient  values  in  eastern  North 
America  (ENA) ,  eastern  South  America  (ESA) ,  the  Indian  Shield 
(IS),  western  North  America  (WNA) ,  western  South  America  (WSA) , 
and  the  Himalaya  (HM) . 
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Objectives 

Our  current  research  is  directed  toward  understanding  in  detail  the  generation  and 
propagation  of  crustal  phases  in  the  Great  Basin,  in  particular  the  phase  L,.  L,  consists 
of  a  superposition  of  higher  mode  surface  waves  and  because  of  its  averaging  properties 
in  excitation  and  transmission,  Nuttli  (1986)  has  suggested  that  it  can  be  used  to  accu¬ 
rately  estimate  the  yield  of  nuclear  explosions.  However,  as  Nuttli  has  demonstrated,  it 
is  necessary  to  know  the  L(  attenuation  to  within  SOX  along  the  propagation  path  in  order 
to  estimate  the  yield  to  within  10%. 

We  are  also  examining  the  effects  of  structure  on  L,  propagation.  L,  propagates  in 
the  continental  crust  but  is  disrupted  at  major  structural  boundaries  and  eliminated 
across  even  short  oceanic  paths.  However  it  is  not  understood  how  secondary  structures 
influence  L*  propagation.  We  are  examining  L,  propagation  along  two  Great  Basin  profiles, 
one  across  the  structural  grain,  and  one  parallel  to  the  structural  grain  (Fig.  1).  The  first 
consists  of  broad  band  digital  recordings  of  three  nuclear  explosions  along  a  350  km  long 
profile  to  the  northwest  of  NTS.  The  second  consists  of  broad  band  digital  recordings  of 
20  Chalfant,  California  earthquakes  from  July.  1986.  In  addition,  we  are  examining  I-  pro¬ 
pagation  characteristics  from  an  earthquake  data  set  distributed  around  the  Great  Basin. 
The  first  profile  provides  a  data  set  from  a  relatively  uniform  source  (nuclear  explosions) 
but  with  relatively  large  structural  variations.  The  second  profile  provides  data  along  a 
relatively  homogeneous  path.  Because  the  earthquake  sources  are  particularly  well 
located,  and  because  they  span  both  a  large  depth  (1-13  km)  amd  magnitude  (Ml  3. 0-5.5) 
range,  we  can  examine  the  effects  of  the  source  on  L,  excitation.  The  second  earthquake 
data  set  allows  us  to  evaluate  how  well  regional  phase  propagation  characteristics  for  a 
particular  path  can  be  estimated  from  a  set  of  widely  distributed  earthquake  recordings. 


Research  Accomplished 


Figure  1  is  a  map  showing  the  paths  and  source  regions  which  we  are  currently 
studying.  The  profile  striking  NW  (herein  termed  the  NW  path)  is  300  km  long  and  was 
instrumented  to  record  the  Nevada  Test  Site  explosions  Kinibito,  Bodie,  and  Hardin.  We 
have  reported  on  preliminary  attenuation  results  for  the  vertical  component  L,  phase 
using  the  Kinibito  data  (Chavez  and  Priestley,  1986).  The  NE  striking  profile  is  part  of  the 
northern  Nevada  PASSCAL  experiment.  Aftershocks  of  the  July  1986  Chalfant,  California 
earthquake  were  recorded  along  this  path.  In  this  paper  we  will  address  only  those  data 
recorded  along  the  NW  path. 

In  our  1986  analysis  of  the  Kinibito  data,  we  modeled  the  observed  log-log  L,  spectra 

as 


logujA(f.R)  +  logujR0  #=  logioS(f)  - 


1.364  f 

Q(0 
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where  A(f,R)  is  the  spectral  amplitude  observed  at  a  distance  R,  f"  is  frequency,  t  is  the 
travel  time,  S(0  is  the  source  term,  and  Q  is  the  quality  factor.  After  correcting  the  spec¬ 
tral  amplitudes  for  an  assumed  geometrical  spreading  term  of  0.5,  we  fit  least  squares 
lines  to  the  amplitude  distance  data  for  each  frequency  and  solved  for  Q.  We  concluded 
that  Q  of  vertical  component  L,  along  the  NW  path  could  be  represented  by  Q(f)  -  206f°  “ 
for  the  frequency  band  0. 1  i  f  i  10.0  Hz. 
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One  drawback  in  using  the  acove  method  to  measure  Q  is  that  it  is  difficult  to  esti¬ 
mate  the  error  In  Q  at  each  frequency.  In  order  to  do  so,  we  have  reprocessed  our  data 
using  a  moving  window  spectral  analysis  technique  described  by  Butler  ef  c il  (1987).  The 
data  are  windowed  for  many  different  group  speeds  using  overlapping  Gaussian  functions 
whose  widths  are  scaled  by  the  epicentral  distance  in  such  a  manner  that  the  windows 
are  identical  with  respect  to  group  speed  at  each  distance.  The  amplitude  spectra  for 
each  window  are  then  themselves  Gaussian  windowed  at  intervals  of  0.25  Hz,  and  the  win¬ 
dowed  spectrum  is  integrated  to  yield  amplitude  as  a  function  of  group  speed  and  fre¬ 
quency.  Figure  2  is  an  example  of  results  of  this  procedure.  Representing  seismic  data 
in  this  manner  provides  a  quantitative  description  of  the  frequency  content  of  the  signal 
as  a  function  of  time.  The  phases  Pg  and  lg  are  clearly  visible  as  ridges  in  frequency- 
group  speed  space.  The  loss  of  high  frequency  energy  in  the  coda  is  also  apparent. 

Once  these  data  are  corrected  for  geometrical  spreading  we  can  solve  for  Q  as 
described  above,  only  this  time  we  obtain  apparent  attenuation  as  a  function  of  group 
speed  as  well  as  frequency.  The  attenuation  for  a  particular  phase  is  determined  by  tak¬ 
ing  the  average  over  the  group  speed  window  for  that  phase.  The  standard  deviations 
obtained  at  each  frequency  are  then  a  measure  of  the  error  in  attenuation  for  that  phase. 

Before  doing  this  type  of  analysis,  it  is  neccesary  to  first  address  the  question  of  the 
nature  of  geometrical  spreading  when  using  this  technique.  L.  is  composed  of  higher 
mode  surface  waves  which  decay  in  the  frequency  domain  as  R'“s.  However,  the  moving 
window  spectral  analysis  method  employs  narrow  time  windows  which  individually  do  not 
contain  the  entire  phase.  If  any  energy  at  a  particular  frequency  remains  outside  a  given 
window,  then  the  amplitude  at  that  frequency  and  group  speed  will  have  an  apparent 
geometrical  spreading  term  greater  than  0.5. 

We  have  investigated  the  effect  of  moving  window  spectral  analysis  on  geometrical 
spreading  with  an  experiment  using  synthetic  seismograms.  l_was  synthesized  at  dis¬ 
tances  and  azimuths  corresponding  to  the  stations  along  the  NW  path  by  summing  the 
fundamental  and  first  25  Rayleigh  wave  modes  for  an  attenuation-free  Great  Basin  model 
(Priestley  and  Brune,  1978).  The  seismograms  were  then  processed  in  the  manner 
described  above,  and  the  amplitude  versus  distance  data  were  used  to  determine 
apparent  geometrical  spreading  as  function  of  frequency  and  group  speed.  The  results 
are  plotted  in  Figure  3  which  shows  that  geometrical  spreading  is  fairly  constant  for 
those  frequencies  and  group  speeds  for  which  there  is  signal,  figure  3  also  shows  the 
average  apparent  geometrical  spreading  at  each  frequency  in  the  group  speed  window  3.7 
to  3.0  km/sec.,  corresponding  to  Lg.  It  can  be  seen  that  the  decay  term  is,  for  the  most 
part,  greater  than  0.5,  although  there  is  some  scatter. 

The  above  experiment  indicates  that  a  geometrical  spreading  term  of  0.6  is  more 
appropriate  than  0.5  at  most  frequencies,  although  at  other  frequencies  terms  in  the 
range  0.4  to  0.8  are  obtained.  In  order  to  determine  how  significant  the  scatter  is,  we  pro¬ 
cessed  the  data  recorded  along  the  NW  path  assuming  geometrical  spreading  terms  of  0.0 
to  1.2  in  steps  of  0.1  and  solved  for  Q.  Average  Q  at  each  frequency  was  obtained  for  L, 
windows  of  3.7  to  3.0  km/sec  and  Pg  windows  of  6.0  to  4.5  km/sec.  The  log -log  Q  versus  f 
data  were  fit  by  least  squares  to  give,  for  each  spreading  term,  the  function  Q(f)  =  Q*f* 
where  Q„  is  the  Q  at  1  Hz.  Figure  4  summarizes  the  results.  The  frequency  dependence 
terms  obtained  for  vertical  and  transverse  Lg  vary  little  with  assumed  geometrical 
spreading,  and  the  Qo  term  becomes  stable  for  spreading  terms  above  0.6.  This  suggests 
that  (a)  the  apparent  Q  of  both  vertical  and  transverse  Lg  is  frequency  dependent,  and  (b) 
the  scatter  in  spreading  term  about  0.6  evident  in  Figure  3  should  not  introduce  any  seri¬ 
ous  error. 

Figure  4  also  shows  that  Pg  behaves  differently  than  Lg  with  respect  to  assumed 
geometrical  spreading.  The  frequency  dependence  term  for  this  phase  consistently 
decreases  with  increasing  spreading  while  the  Q0  term  increases.  However,  if  we  assume 
that  the  actual  Q  of  Pg  behaves  as  Qof*.  then  the  linear  correlation  coefficients  shown  in 
figure  4c  indicate  that  an  apparent  geometrical  spreading  of  less  than  0.7  is  required. 
We  will  eventually  model  the  apparent  spreading  of  Pg  as  we  have  done  for  Lj,  however  for 
the  moment  we  shall  assume  that  it  is  the  same  as  found  for  lg,  namely  0.6. 

Assuming  sc  apparent  geometrical  spreading  term  of  0.6,  we  obtained  Q  along  the 
NW  path.  Figure  5  shows  the  results  for  each  frequency  and  group  speed  and  averaged 
over  windows  corresponding  to  L,  and  Pg.  Vertical  L,  has  Q  similar  to  both  vertical  Pg  and 
transverse  Lg  Tor  frequencies  below  about  1.5  Hz  Above  that,  vertical  Lg  Q  is  consistently 
greater  than  the  others,  except  above  10  Hz,  where  both  vertical  and  transverse  Lg  again 
have  similar  Q.  There  is  a  pronounced  bump  in  all  the  plots  at  2  to  3  Hz.  Since  this 
feature  appears  for  all  the  phases  considered,  we  suspect  that  it  might  be  an  artifact  due 


to  recording  sit®  conditions.  Finally,  vortical  L,  and  vortical  P(  both  have  Q  independent 
of  frequency  for  the  range  4  to  9  Hz. 


Concluaiona  and  Recommendations 

The  moving  window  spectral  analysis  technique  has  been  used  to  estimate  apparent  Q  and 
appears  to  give  useful  results  providing  uncertainties  in  geometrical  spreading  can  be 
resolved.  We  intend  to  model  P,  geometrical  spreading  in  a  manner  similar  to  what  we 
have  done  for  L,.  and  also  to  apply  time  domain  geometrical  spreading  corrections.  The 
Q  function  which  we  obtained  for  the  NW  path  using  our  earlier  technique  differs  from 
that  which  we  obtain  here.  This  discrepancy  must  be  investigated  further. 
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Figure  1.  -  Location  Map  showing  data  base 
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Figure  2  Examples  of  moving  window  spectra  for  the  closest  (top)  and  furthest  (bottom)  stations  along 
the  NW  patli  in  Figure  1.  Contours  are  log  ground  amplitude  in  microns. 
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Figure  5  Apparent  Q  functions  for  vertical  and  transverse  Lg  and  vertical  Pg,  obtained  by  the  moving 
window  spectral  analysis  technique  assuming  a  geometrical  spreading  term  of  0.6.  Error  bars 
represent  the  standard  deviation  in  apparent  Q  at  each  frequency  for  averages  over  3.7  to  3.0 
km/sec  for  Lg  and  6.0  to  4.5  km/sec  for  Pg.  Least-squares  fits  to  the  data  yield  the  relationships 


DEPENDENCE  OF  RAYLEIGH  WAVE  AMPLITUDE  ON  LATERAL  HETEROGENEITY 


Ta-liang  Teng,  Keiiti  Aki,  and  Yao-Hua  Zhen 
Department  of  Geological  Sciences 
University  of  Southern  California 
Los  Angeles,  CA  90089-0741 


OBJECTIVE 

Recent  findings  on  the  lateral  heterogeneity  of  the  earth's  crust  and 

upper  mantle  suggest  that  a  significant  correction  factor  is  needed  on  the  Ms 

determination.  The  actual  decrease  of  Rayleigh  wave  amplitude  with  distance 
can  depart  significantly  from  the  simple  geometrical  spreading  law  commonly 
assumed  for  a  laterally  homogeneous  earth.  Stronger  lateral  heterogeneity  in 
the  upper  lithosphere  translates  to  a  more  complex  amplitude  variation  of 
surface  waves  with  respect  to  both  distance  and  azimuth,  particularly  for  the 
20s  Rayleigh  waves  whose  amplitudes  form  the  basis  of  the  Ms  determi nation. 
This  research  project  applies  the  method  of  dynamic  ray  tracing  and  Gaussian 
beam  calculation  to  an  analysis  that  leads  to  an  improvement  on  the  Ms 
determination  based  on  a  refined  structure  of  the  lateral  heterogeneity.  The 
software  to  implement  the  methodology  is  being  developed.  Computational 
results  are  compared  against  two  data  sets:  the  first  being  a  nuclear  blast 

data  set  from  Novaya  Zemlya  recorded  by  the  WWSSN  Statons  in  the  U.S.,  the 

second  being  a  set  of  Ms  station  correction  data  derived  from  statistical 
analysis  of  20s  Rayleigh  waves  data  from  a  large  number  of  NTS  explosions. 

Through  a  correlation  analysis,  a  refined  model  of  crustal  and  upper 
mantle  lateral  heterogeneity  will  result  that  will  allow  an  improvement  on  the 
accuracy  of  Ms  determination  and  yield  estimate. 


RESEARCH  ACCOMPLISHMENTS 

A.  Amplitude  Distribution  of  Surface  Waves: 

Based  on  the  present  knowledge  on  the  crustal  and  upper  mantle 
structure  of  the  Arctic  region,  we  have  computed  synthetic  surface  waveforms 
of  Rayleigh  waves  originated  from  Novaya  Zemlya  and  recorded  at  stations  in 
the  U.S.  Due  to  the  lateral  heterogeneity  primarily  in  the  Arctic  region, 
Rayleigh  wave  ray  paths  show  pronounced  focusing  and  defocusing  that  result  in 
a  remarkable  amplitude  variations  in  the  U.S.  Figure  la  shows  a  sample  result 
of  the  ray  map  for  20s  Rayleigh  waves.  The  ray  map  is  generated  by  the 
applications  of  dynamic  ray  tracing  to  a  global  phase  and  group  velocity 
models  compiled  by  Rosa  of  MIT.  A  phase  velocity  contour  map  for  20' s 
Rayleigh  waves  is  given  in  Figure  lb  that  shares  the  same  geographic 
coordinates  of  Figure  la.  Notice  the  velocity  distributions  in  the  Arctic 
region  primarily  dominate  the  ray  distributions,  therefore  the  amplitude 
distributions,  in  the  U.S.  For  a  Gabor  waelet,  the  Gaussian  beam  synthetic 
Rayleigh  waveforms  of  20s  period  are  given  in  Figure  lc  for  all  WWSSN  stations 
in  the  U.S.  Amplitude  variations  of  corresponding  synthetic  20s  Rayleigh 
waves  across  the  U.S.  along  the  40  degree  north  latitude  is  given  by  the  solid 
line  in  Figure  Id.  As  expected,  the  amplitude  variatoins  are  strongest  for 
short-period  waves,  and  become  weaker  for  longer-period  waves.  A  sample 
calculation  is  also  given  by  the  dashed  line  in  Figure  Id  for  40s  Rayleigh 
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waves.  Curves  in  Figure  Id  will  become  a  straight  line  either  in  the 
long-period  limit  or  for  the  case  of  a  laterally  homogeneous  crust  and  upper 
mantle. 

B.  Observed  Amplitude  Variations  for  Sources  in  U.S.S.R. 

For  a  nuclear  explosion  at  Novaya  Zemlya  (73.30  N;  55.16  E)  that 
took  place  on  09/12/1973  (06:59:54),  all  WWSSN  seismograms  are  collected  and 
Rayleigh  waveforms  digitized.  Digital  waveforms  are  bandpassed  to  simulate 
the  results  of  the  synthetic  Gaussian  beam  waveforms  for  a  source  time 
function  of  the  form  of  a  Gabor  wavelet.  This  allows  a  direct  comparison  of 
the  observed  with  the  calculated  amplitude  values  for  various  periods.  Figure 
2  gives  the  result  of  this  comparison  for  20s  Rayleigh  waves  for  the  16  WWSSN 
recording  stations  in  the  U.S.  The  amplitude  distribution  of  the  synthetic 
waveforms  is  very  similar  to  the  solid  curve  in  Figure  Id,  the  minor 
difference  is,  of  course  due  to  the  slight  variations  in  epicentral  distances 
for  stations  in  Figure  2.  Observations  fit  the  synthetics  surprisingly  well 
considering  that  a  very  rough  velocity  models  of  the  Arctic  region  is  used  in 
the  calculation  and  that  waves  have  travelled  over  very  long  paths.  We  note 
however  that  relatively  large  di screpancies  are  seen  for  stations  COL,  JCT, 
DUG,  TUC,  and  OGD.  Because  of  the  small  difference  in  the  back  azimuth 
angles,  the  discrepencies  cannot  easily  be  explained  as  a  result  of  possible 
tectonic  release  that  might  have  imparted  a  radiation  pattern  on  the  source 
function.  Rather,  the  departure  of  fit  is  more  likely  be  the  result  of  an 
inadequate  crustal  and  upper  mantle  structure  used,  mainly  in  the  Arctic 
region,  for  that  region  contains  the  majority  portion  of  the  ray  paths. 
Therefore,  the  departeure  of  observations  from  synthetics  gives  importante 
constraints  for  a  refined  model  of  the  Arctic  crustal  and  upper  mantle 
structure.  And  a  refined  model  of  the  Arctic  region  will  help  improve  the  Ms 
determinations  in  the  U.S.  for  sources  in  the  U.S.S.R.  To  commplish  this  we 
are  presently  conducting  a  surface-wave  tomographic  mcoping  primarily  aiming 
at  the  Arctic  region. 


C.  Observed  Amplitude  Variations  for  NTS  Sources 

A  statistical  analysis  of  vertical  component  Rayleigh  wave  data 
recorded  from  a  large  number  of  NTS  explosions  has  been  carried  out  by 
investigators  in  S-Cubed.  The  intention  of  this  analysis  is  to  obtain  the 
statin  corrections  for  Ms  (20s)  determinatins.  These  station  corrections  form 
a  very  useful  data  set  in  that  it  may  provide  observational  insight  into  the 
amplitude  variations  of  Rayleigh  waves  as  they  propagate  across  the  U.S. 

These  station  corrections  are  obtained  by  a  process  described  as  follows: 

1.  Bandpass  filtered  the  Rayleigh  waves  through  a  narrowband  filter 
centered  at  20s  period,  the  maximum  amplitudes  of  the  filtered  output  are 
determined. 

2.  The  amplitude  data  are  corrected  for  geometrical  spreading  for  a 
laterally  homogeneous  medium  and  for  the  anelastic  attenuation  (by  an  operator 
exp  [-yx],  y  =  1.3  x  10"5  km~i,  and  x  in  km).  Here,  y  =  wf/(Qv),  giving 

Q  =  3450. 

3.  Contribution  of  tectonic  release  for  an  assumed  vertical  strike-slip 
faulting  is  assumed  and  the  effect  removed. 
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4.  The  logarithm  of  these  corrected  amplitudes  are  input  into  a 
least-squares  estimation  program  which  simultaneously  estimates 
network-averaged  magnitude  values  and  station  corrections  under  the  constraint 
that  the  station  corrections  have  a  zero  sum. 

This  data  set  thus  gives  the  statistical  average  of  the  Rayleigh  wave 
amplitude  data  for  which  the  tectonic  release  effect  is  minimized.  We  have 
completed  computations  based  on  available  phase  velocity  data  of  the  U.S. 
Narrow  bandpassed  (with  20s  center  period)  Gaussian  beam  synthetic  Rayleigh 
waveforms  are  computed  to  give  the  amplitude  values,  which,  upon  taking  the 
logarithm,  yield  the  computed  station  corrections.  The  computed  station 
corrections  are  compared  to  the  obsered  data  from  the  S-Cubed.  Figure  3  gives 
the  comparison  results.  The  correlation  of  these  two  sets  of  data  is  very 
satisfactory.  This  implies  that  the  observed  NTS  Ms  station  corrections  can 
be  largely  explained  by  the  path  effect  due  to  Rayleigh  waves  propagating  over 
a  laterally  heterogeneous  medium.  If  the  structure  of  lateral  heterogeneity 
is  well-known,  a  significant  improvement  on  Ms  determination  can  be  realized. 
Even  based  on  the  presently  known  phase  and  group  velocity  of  the  U.S.,  the 
contributions  of  path  effect  accounts  for  more  that  50%  of  the  observed  Ms 
stations  correction  values.  This  can  be  seen  by  the  deviations  of  the 
corresponding  values  of  the  observation  correction  and  the  synthetics 
corrections  in  Figure  3.  We  find  this  result  very  encouraging,  and  a 
refinement  of  the  path  structure  is  the  logical  next  step  to  accomplish  more 
accurate  Ms  determinations. 


CONCLUSIONS  AND  RECOMMENDATIONS 

Lateral  heterogeneity  of  the  crust  and  upper  mantle  has  a  dominant  effect 
on  the  propagation  of  surface  waves.  With  the  present  knowledge  of  global 
phase  velocity  distribution,  pronounced  focusing  and  defocusing  of  ray  paths 
can  take  place  even  for  mild  lateral  variations  of  regional  phase  velocity. 
This  causes  amplitude  variations  large  enough  to  produce  a  ±0.3  changes  in  Ms 
values.  While  the  present  global  phase  velocity  data  are  used  in  our  method 
to  provide  a  first  order  correction  to  the  Ms  determination,  a  refinement  on 
this  correction  requires  a  better  phase  velocity  database.  For  events 
originating  in  the  U.S.S.R.  and  recorded  in  the  U.S.,  the  phase  velocity  data 
in  the  Artie  region  is  particularly  relevant  in  the  application  of  the  method 
of  dynamic  ray  tracing  and  Gaussian  beam  synthesis.  An  intensive  effort  is 
currently  being  made  in  seeking  a  refined  phase  velocity  model  for  the  Artie 
region  through  a  surface  wave  tomographic  mapping. 


The  station  correction  data  used  in  Section  C  above  is  supplied  by  John  R. 
Murphy  of  S-Cubed,  for  which  the  authors  are  very  grateful. 
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Inversion  of  ISC  Travel  Times  for  Earth  Structure 


Kenneth  M.  Toy  and  John  A.  Orcutt 
Scripps  Institution  of  Oceanography 


Objectives 

Global  travel-time  inversion  seeks  to  analyze  earthquake  ray  travel  times  in  order  to  study  the  velocity 
structure  of  the  Earth.  Utilizing  seismic  tomographic  techniques,  the  deviations  of  these  travel  times  from  a 
reference  Earth  are  mapped  to  points  along  the  ray  path,  minimizing  some  measure  of  the  total  misfit  of  all 
path  residuals.  We  have  used  over  2.4  million  P  and  S-wave,  teleseismic,  sourcc-to- receiver  ray  paths,  from 
over  24,000  events  taken  from  the  International  Seismological  Centre's  global  earthquake  catalogue,  to  produce 
radially  symmetric,  lower  mantle  P  and  S-wave  velocity  models.  These  data  represent  teleseismic  P  and  S  ray 
paths  in  the  35°-105°  epicentral  distance  range  (bottoming  depths  from  1000  kilometers  to  the  core-mantle 
boundary).  We  find  that  we  are  able  to  reduce  the  variance  in  the  travel-time  residuals  considerably  with  respect 
to  the  PREM  model  of  Dziewonski  and  Anderson  (1981).  We  have  also  constructed  1484  P  and  30S  S-wave 
station  corrections.  The  P  station  corrections  that  we  have  derived  are  much  improved  from  those  of 
Dziewonski  and  Anderson  (1983)  and  the  S  corrections  are  possibly  the  first  usable  set  of  corrections,  for  S, 
that  have  ever  been  derived.  We  see  a  very  highly  coherent  pattern  of  residuals  for  the  North  American 
stations,  as  a  function  of  longitude,  with  the  western  stations  having  a  tightly  bunched  set  of  positive 
corrections  trending  to  the  negative  eastern  station  corrections.  This  correlates  very  well  with  the  accepted 
slow-west  /  fast-east  tectonic  structure  of  NA  There  is  a  coherent  "elevation  correction"  component  in  our 
station  corrections  that  can  be  modeled  quite  well  using  a  simple  model  of  isostatic  compensation  and  realistic 
crustal  and  lithospheric  densities  and  velocities.  We  find  that  the  proposed  correlation  of  station  correction  and 
station  gain  (Grand,  Kanamori,  1986,  personal  communication)  does  not  exist  The  S  corrections  scale  on  a 
3: 1  ratio  to  the  P  which  implies  a  dln(vs)/dln(Vp)  of  1.7. 

Research  Accomplished 

The  Earth's  mantle  velocity  structure  has  been  the  subject  of  extensive  study  for  several  decades.  The  first  complete 
global  study,  by  Jeffreys  and  Bullen  (1940),  involved  the  construction  of  travel  time  curves  modelling  the  Earth’s 
spherically  averaged  structure.  This  was  followed  by  numerous  other  studies,  notably  the  one  by  Cleary  and  Hales 
(1966)  in  which  the  "time-term"  analysis  common  to  refraction  seismology  was  applied  to  the  spherically  averaged 
mantle  travel  time  problem.  We  have  applied  a  time-term  type  analysis  to  develop  radially-symmetric  P  and  S-wave 
lower-mantle  velocity  models  and  station  correction  sets. 

After  a  scheme  proposed  by  Backus  and  Gilbert  (1969),  we  solve  for  perturbations,  dv,  to  a  starting  velocity  model 
given  input  travel  time  residuals,  dt,  as  data.  The  mantle  is  parameterized  by  190  velocity  values  that  represent  10 
kilometer  depth  spaced  knots  from  1000  kilometers  depth  to  the  core-mantle  boundary  (2890  km).  We  invert  for  station 
corrections  simultaneously  with  the  mantle  parameters,  which  allows  for  the  two  sets  of  parameters  to  trade-off  with  one 
another.  In  order  to  minimize  the  non-physical,  high-frequency,  least  squares  artifacts,  we  impose  a  second  difference 
smoothness  constraint  on  the  total  model  perturbation.  The  forward  and  inverse  problems  ate  iterated  until  the  travel 
time  residuals  have  been  reduced  to  a  zero  mean  for  all  epicentral  distance  ranges.  We  are  using  a  row-action,  large 
matrix  inversion  technique  with  a  Chebyshev  acceleration  criterea  (Olson,  1986)  to  solve  the  large  system  of  equations 
involved.  (The  forward  and  inverse  problems  are  discussed  in  more  detail  in  Toy,  et  al.  •  1987a,b,c.) 

The  top  curve,  in  Figure  1,  shows  the  P-wave  travel  time  residuals,  as  a  function  of  bottoming  depth,  that  were 
derived  from  the  Preliminary  Reference  Earth  Model  (PREM)  of  Dziewonski  and  Anderson  (1981).  The  PREM  model 
misfits  the  travel  time  data  by  nearly  a  second  at  the  core-mantle  boundary  with  decreasing  but  sizeable  amounts  of  misfit 
at  shallower  depths.  The  bottom  curve  shows  the  travel  time  residuals  from  our  lower-mantle  model  and,  as  can  be  seen, 
the  residuals  have  been  reduced  to  zero  mean  through  most  of  the  lower  mantle.  There  has  been  a  substantial  reduction  in 
the  RMS  misfit  for  this  phase.  The  bottom  plot  in  Figure  2  shows  the  final  model  perturbation,  from  PREM,  that 
produced  the  zero  meaned  residuals.  There  has  not  been  an  extremely  large  perturbation,  amounting  to  -.023  km/s  at  the 
core-mantle  boundary.  The  top  figure  plots  the  starting  PREM  model  (solid  line)  and  the  final,  perturbed  model  that  was 
derived  (dashed  line). 

Dziewonski  and  Anderson  (1983)  determined  P-wave  station  corrections  for  994  globally  distributed  stations 
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(henceforth  known  as  DA83).  We  have  derived  1484  P  corrections  as  a  result  of  our  analysis.  Figure  3  shows  the 
correlation  between  the  994  DA83  corrections  and  our  corresponding  corrections.  There  is  a  correlation  between  the  two 
results  with  our  results  having,  on  average,  smaller  values.  This  can  be  seen  in  the  slope  of  the  cloud  of  points  being 
less  than  the  45°  line  plotted. 

Figure  4  contains  plots,  for  both  sets  of  corrections,  of  station  correction  versus  the  number  of  rays  that  contributed 
to  the  determination  of  each  value.  (In  this  and  all  subsequent  comparison  plots  only  the  994  stations  in  our  correction 
set  that  correspond  to  those  in  DA83  are  shown.)  Our  results  were  generated  with  9/5  more  data,  with  the  scaling  nearly 
linear  between  the  individual  stations,  so  the  horizontal  axes  of  both  plots  have  been  scaled  accordingly  to  allow  for  a 
more  direct  comparison  of  the  results.  Assuming  that  station  corrections  are  Gaussianly  distributed  about  a  mean  value, 
one  would  expect  an  larger  amount  of  scatter,  from  die  central  value,  for  vertical  slices  with  larger  number  of  stations. 
There  is  a  concentration  of  stations  at  the  low  count  end  and  a  smaller  number  of  stations  at  the  high  count  end  with  a 
band  of  approximately  constant  number  of  stations  in  the  center.  This  should  lead  to  a  horizontally  banded  behavior  in 
the  central  area  of  the  plot  with  a  tapering  towards  the  high  ray  count  end  and  a  slight  expansion  at  the  low  count  end. 
This  pattern  is  in  fact  evidenced  in  both  ours  and  the  DA83  results.  One  would  also  expect  a  slight  increase  in  the  scatter 
of  the  data,  at  the  low  count  end,  due  to  the  smaller  number  of  data  and  their  consequent  inability  to  reduce  the  variance 
in  the  station  corrections.  The  DA83  results,  however,  show  a  much  higher  degree  of  scatter  with  the  low  ray  count 
stations  having  a  much  higher  degree  of  scatter  than  for  our  results.  We  take  this  to  be  indicative  of  both: 

a)  a  generally  larger  amount  of  scatter  in  the  DA83  results  as  well  as 

b)  the  low  count  DA83  stations  (<  700)  being  poorly  determined. 

Figure  3  shows  both  station  correction  sets,  for  die  208  U.S.  seismic  stations,  plotted  as  a  function  of  longitude. 
The  two  studies  agree  qualitatively  but  the  DA83  results,  again,  have  a  much  higher  degree  of  scatter.  The  decrease  in 
station  correction  trending  positive  to  negative,  west  to  east  agrees  well  with  the  tectonics  of  the  U.S.,  with  the  hotter, 
and  hence  slower,  western  U.S.  having  positive  residuals  and  the  colder  and  faster  eastern  U.S.  having  negative  ones. 
Figure  6  is  a  map  view  of  our  U.S.  station  correction  data  with  positive  station  corrections  shown  as  pluses  and  negative 
ones  as  octagons.  We  see  very  strong  regional  coherence  with  a  smooth  transition  west  to  east.  This  result  correlates 
very  well  with  that  horn  a  study  by  Butler  (1983).  His  short  period  teleseismic  P-wave  amplitude  result,  derived  from 
totally  independent  data,  shows  the  same  pattern.  Butler  analyzed  both  nuclear  explosion  as  well  as  earthquake  data, 
looking  at  the  pattern  of  relative  trace  amplitude  for  the  U.S.  We  see  his  results  in  Figure  7  and  the  pattern  is  the  same 
as  in  Figure  6. 

Station  corrections  are  derived  with  respect  to  an  elliptical  earth,  with  no  compensation  made  for  the  elevation  of  the 
seismic  station.  Hence,  this  constant  offset  term  (elevation  correction)  should  be  discemable  in  the  station  correction 
data.  Figure  8  shows  a  plot  of  station  correction  versus  elevation  and  a  very  strong  correlation  can  be  seen  in  our  results. 
A  trend  can  also  be  seen  in  the  DA83  results  with  a  much  higher  degree  of  scatter,  however,  still  present.  For 
teleseismic  energy,  the  ray  is  nearly  vertical  at  the  station,  so  a  theoretical  value  for  the  elevation  correction  can  be 
calculated.  Figure  9  shows  the  two  end  member  models  of  either  complete  isostatic  compensation  or  no  compensation. 
Assuming  the  values  of  density  and  seismic  velocities  shown  and  calculating  the  additional  time  required  for  a  ray  to 
arrive  at  the  station  given  the  added  elevation  it  has  to  travel,  one  arrives  at  the  values  of  .29  and .  1 7  sec/km  of  elevation, 
respectively.  Varying  the  values  of  densities  and  velocities,  one  obtains  ranges  of  .2-.3  sec/km  for  the  isostatically 
compensated  case  and  .14-.  17  sec/km  for  the  non -compensated  model.  Figure  10  plots  elevation  correction  values  for 
both  the  208  U.S.  stations  as  well  as  for  all  994  worldwide  data,  as  have  been  derived  from  both  studies.  The  elevation 
corrections  shown  have  been  calculated  as  the  best  fitting,  least-squares  straight  line  through  the  data  points.  On  the 
premise  that  low  count  stations  are  in  some  way  less  well  constrained  than  the  higher  count  stations  and  taking  this  as  a 
measure  of  the  accuracy  of  the  corrections,  the  elevation  correction  values  have  been  calculated  for  subsets  of  decreasing 
numbers  of  data,  with  stations  with  the  smallest  number  of  ray  arrivals  being  discarded  first  For  example,  our  elevation 
correction  value  for  the  U.S.,  for  a  minimum  ray  count  of  1000,  is  approximately  .22  and  was  calculated  by  fitting  a 
straight  line  through  only  those  stations  with  at  least  1000  phase  arrivals.  Our  results  converge  on  the  elevation 
correction  values  of  .19  sec/km  of  elevation  for  the  U.S.  and  .22  sec/km  of  elevation  for  the  world,  while  the  DA83 
results  do  not  show  a  coherent  correlation  of  station  correction  with  elevation  until  most  of  the  low  count  stations  have 
been  discarded.  These  calculated  values  fall  between  the  two  theoretical  model  extremes  which  is  suggestive  of 
incomplete  isostatic  compensation,  with  the  U.S.  showing  a  smaller  than  the  world-wide  average  amount  of 
compensation. 

There  has  been  reported  (Grand,  Kanamori,  1986,  personal  communications)  a  potential  correlation  between  station 
gain  and  station  correction.  It  has  been  postulated  that  low  gain  stations,  because  of  the  late  emergence  of  the  seismic 
signal  from  the  noise,  might  have  higher  than  average,  positive  station  corrections.  Figure  11,  which  shows  station 
correction  versus  log  station  gain  for  the  1 13  WWSSN  worldwide  stations  for  which  gain  information  is  available,  is  an 
equivalent  plot  to  the  plot  horn  which  the  proposed  correlation  was  first  postulated.  We  do  see  a  possible  "trianglar" 
correlation  in  the  DA83  results,  with  a  grouping  of  low  gain/high  positive  correction  stations  in  the  upper  left-most 
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portion  of  the  plot  The  linear  correlation  coefficient,  however,  is  quite  low  with  a  value  of  0.32.  The  plot  for  our 
corrections  does  not  show  this  "triangular”  behavior  and,  in  fact,  shows  the  expected  pattern,  seen  in  the  correction  versus 
ray  count  plot,  of  a  higher  scatter  about  a  mean  for  the  central,  vertical  gain  bins  with  more  stations,  with  the  width  of 
the  plotted  points  narrowing  at  either  end  where  there  are  fewer  stations.  We,  thus,  expect  both  the  bulbous  shape  as 
well  as  a  near  zero  linear  correlation  coefficient  Figure  12  is  illustrative  of  the  mechanism  that  we  propose  for  the 
apparent  correlation  in  the  DA33  results.  It  is  a  plot  of  the  number  of  rays  that  contributed  to  each  station  correction 
determination  as  a  function  of  log  station  gain.  It  can  readily  be  seen  that  there  is  an  inverse  correlation  between  the 
number  of  rays  and  the  station  correction.  It  was  seen,  in  Figure  4,  that  the  DA83  low  ray  count  stations  have  a  high 
amount  of  scatter.  Hence,  the  low  gain/high  correction  correlation  seen  in  the  DA83  WWSSN  plot  is  due,  not  to  any 
apparent  late  arrival  of  the  signal,  but  rather  to  the  DA83  correlation  of  low  ray  count  with  high  station  correction  and 
hence  with  low  gain.  We  have  been  able  to  find  station  gain  information  for  3S6  worldwide  stations  and  these  are 
plotted,  against  station  correction,  in  Figure  13.  We  again  see  a  small  grouping  of  low  gain/high  correction  stations  in 
the  DA83  results,  with  a  triangular  shape  which  is  not  nearly  as  coherent  as  for  the  WWSSN  data.  However,  the 
correlation  coeffient  is  now  quite  low.  We  again  see  the  expected  "bulbous"  shape  in  our  results,  with  a  near  zero 
correlation  coefficient.  Our  results  indicate  that  there  is  not  any  demonstrable  correlation  of  low  station  instrument  gain 
with  high,  positive  station  correction  that  is  indicative  of  any  real,  physical  mechanism. 

Although  the  S  results  are  still  preliminary,  we  will  briefly  discuss  our  results  to  date  here.  The  S  corrections  show 
similar  patterns  as  the  P  corrections,  in  terms  of  N.A.  patterns,  ellipticity  corections,  etc.  Figure  14  is  a  comparison  of 
the  S  and  P  station  corrections  that  we  have  derived.  The  correlation  is  quite  high,  given  the  scatter  that  still  exists  in 
the  S  results  (which  have  not  yet  been  zero  meaned).  This  correlation  between  P  and  S  station  corrections  is  better  than 
any  results  (e.g.  Dziewonslri,  personal  communication)  that  have  been  reported  to  date.  A  line  with  slope  3  is  plotted  on 
Figure  14,  and  is  the  best  fitting,  least  squares  straight  line  through  the  data.  This  implies  that  the  S  station  correction 
residuals  scale  with  a  factor  of  3  with  respect  to  the  P.  Other  work  (summarized  in  Souriau  and  Woodhouse,  198S)  have 
found  the  value  of  the  scaling  of  the  S  to  P  station  corrections  to  range  from  1 .8  to  nearly  S,  with  the  more  recent  values 
lying  in  the  upper  range.  If  one  assumes  that  a  station  correction  value  is  indicative  of  the  heterogeneity  in  the 
uppermost  700  kilometers  of  the  earth,  then  our  3  to  1  scaling  predicts  a  dln(vs)/dln(Vp)  scaling  of  approximately  1.7. 
Other  researchers  have  recently  reported  values  for  dln(vs)/dln(Vp)  to  lie  in  the  range  2.0-2.5  (Anderson,  1986; 
Dziewonski,  et  al,  1986)  while  Masters  et  al.  (1982)  reported  a  value  of  125.  Our  values  lie  in  the  middle  of  the  ranges 
of  the  previously  reported  values  but  lower  than  the  most  recent  numbers. 
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Figure  11.  1 15  WWSSN  station  correction  values 
vs.  statioo  gain.  The  DA83  results  suggest  a  weak 
correlation  of  low  station  gain  with  positive  station 
correction. 
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Figure  13.  Station  corrections,  for  the  356 
worldwide  stations  for  which  gain  information  is 
available,  plotted  as  a  function  of  log  station  gain. 
No  correlation  can  be  seen. 


5000 
4000 
§  3000 

o 

J  2000 

Q: 

1000 
0 

10*  to* 

Log  station  gam 

Figure  12.  Ray  count  vs.  log  station  gain  for  the 
1 15  WWSSN  stations.  There  is  an  inverse 
correlation  which,  along  with  the  higher  scatter  seen 
in  the  low  count  DA83  stations  (figure  4),  can 
explain  the  low  gain/positive  correction  correlation 
in  the  DA83  results. 
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Figure  14.  Correlation  of  the  S  and  P  station 
correction  values  derived  in  this  study.  The  3:1 
icaling  predicts  a  dlniv^dlnCvp)  of  1.7. 
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OBJECTIVES 

A  mounting  body  of  evidence  from  laboratory  studies  has  shown  that  when 
typical  geological  materials  are  subjected  to  levels  of  shear  strain  in  excess 
of  10*6  they  begin  to  behave  in  a  nonlinear  fashion  (Mavko,  1979;  Stewart  et 
al.  1983).  This  nonlinearity  manifests  itself  as  a  lowering  of  effective  Q  in 
a  manner  which  is  frequency,  amplitude  and  pressure  dependent.  Figure  1  is 
redrafted  from  Mavko  (1979)  and  illustrates  his  basic  result.  The  value  of  Q 
is  observed  to  begin  to  decrease  at  about  10"6  strain  with  the  effect  becoming 
very  significant  by  10'5  strain.  The  magnitude  of  the  effect  also  depends 
strongly  on  the  geologic  material  involved.  It  is  generally  believed  that  the 
decrease  in  Q  is  caused  by  frictional  sliding  on  cracks  and  thus  depends  also 
on  the  density  of  cracks  in  the  material.  As  overburden  pressure  closes  these 
cracks,  it  becomes  increasingly  difficult  for  sliding  to  occur,  so  the 
nonlinear  reduction  in  Q  probably  does  not  extend  to  great  depth  in  the  earth. 
Day  and  Minster  (1986)  have  discussed  the  potential  significance  of  this 
phenomenon  to  interpretation  of  ground  motion  data  from  a  series  of  small 
explosions  in  salt,  but  the  events  were  so  small  that  it  is  difficult  to 
relate  their  results  to  observations  from  nuclear  explosions  or  earthquakes. 
Also,  the  recording  geometry  of  their  experiment  was  so  simple  that  they  could 
use  whole  space  wave  propagation  results.  Near-field  wave  propagation  is 
usually  much  more  complex  near  to  general  seismic  sources  (Burdick  et  al. 
1984;  Heaton  and  Helmberger,  1978).  It  is  important  to  establish  the  levels 
of  dynamic  strain  that  occur  near  typical  sources  in  media  where  wave 
propagation  is  more  complex  in  order  to  determine  how  important  nonlinear 
reduction  of  Q  is  to  interpretation  of  seismic  data. 

Large  data  bases  of  near- field  velocity  records  have  been  collected  and 
analyzed  in  the  past,  whereas  high  frequency  dynamic  strain  measurements  have 
seldom  if  ever  been  made.  The  objectives  of  this  study  have  been  to  establish 
and  apply  methods  for  utilizing  the  data  base  of  velocity  records,  to  infer 
the  levels  of  strain  that  typically  occur  near  to  explosions  and  earthquakes 
and  to  look  for  evidence  of  whether  nonlinear  reduction  in  Q  does  occur  to  a 
significant  degree.  We  began  by  developing  the  theory  necessary  for  computing 
stresses  and  strains  (rather  than  seismic  motions)  using  the  generalized  ray 
methodology.  We  demonstrated  that  in  a  layered  half  space  the  far  field 
strain  wave  is  very  similar  to  the  far  field  velocity  wave.  We  developed 
transfer  operators  which,  when  convolved  with  observed  velocity  records, 
produce  estimates  of  strain  records.  We  applied  these  operators  to  a  suite  of 
velocity  records  from  a  nuclear  explosion  and  from  a  small  earthquake  to 
determine  the  levels  of  shear  strain  they  produced  and  how  it  decayed  with 
distance.  We  compared  the  decay  rates  to  the  predictions  of  elastic  theory  to 
find  whether  there  was  evidence  of  a  significant  reduction  in  Q. 
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Strains  in  3.  Layered  Halfspace  The  nonzero  components  of  the  stress  (and  thus 
strain)  tensor  are  computed  automatically  in  standard  wavenumber  integration 
calculations.  Unfortunately,  the  technique  used  most  often  in  modeling 
studies  of  near- field  data  is  summation  of  generalized  rays  because  it 
provides  high  frequency  synthetics  in  much  less  time.  Some  slight 
modifications  of  the  approach  are  required  to  generate  synthetic  strain- time 
histories  rather  than  motion-time  histories.  Following  Helmberger  (1974),  we 
can  express  a  single  generalized  ray  at  high  frequency  in  the  far  field  as 
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evaluated  along  the  Cagniard  contour  in  the  complex  p  plane.  The  factor  77  is 
the  product  of  the  reflection/transmission  coefficients  along  the  raypath,  A 
is  the  source  radiation  pattern  term  and  R  is  called  the  receiver  function. 
The  only  difference  between  a  strain  generalized  ray  and  a  seismic  motion 
generalized  ray  is  a  change  in  the  expression  for  the  receiver  functions. 
These  functions  for  either  motion  or  strain  are  given  in  table  1.  The 

variables  p  and  n  are  horizontal  and  vertical  slowness,  a  and  £  are  the  P  and 
S  velocities  and  the  factor  e  is  «i  depending  on  whether  the  ray  is  up  or 
downgoing  at  the  receiver.  The  functions  on  the  left  are  for  receiver  points 
in  the  medium  and  those  on  the  right  for  points  on  the  free  surface. 

Strains  Near  Nuclear  Explosions  In  a  whole  space,  the  strain  pulse  due  to  a 
point  source  is  just  the  velocity  pulse  divided  by  the  P  velocity  of  the 

medium.  In  a  layered  half  space,  the  velocity  and  strain  time  histories 
differ  to  some  degree  because  of  the  differences  in  the  receiver  functions.  A 

feneral  approach  to  transforming  velocity  to  strain  is  to  utilize  theoretical 
requency  dependent  velocity  to  strain  transfer  operators.  These  are 

generated  by  computing  theoretical  velocity  and  strain  pulses  for  a  given 
observation  and  deconvolving  the  former  from  the  latter.  Estimates  of  strain 
records  are  generated  from  observed  velocity  records  by  convolving  them  with 
the  transfer  operators.  In  most  cases,  the  transfer  operators  are  very 
delta- like  functions  with  amplitudes  controlled  by  the  velocity  at  the 

receiver  site. 

The  first  data  base  processed  using  the  transfer  operators  was  a  suite  of 

near- field  velocity  records  from  5  Pahute  Mesa  nuclear  explosions.  They  were 
SCOTCH,  INLET,  MAST,  ALMENDRO  and  BOXCAR.  The  recording  sites  were  at 

horizontal  ranges  between  3.3  and  22.5  km.  The  recording  instruments  were  L7 
velocity  meters  which  have  a  flat  response  to  velocity  throughout  the  seismic 
band,  so  the  signals  recorded  on  them  are  essentially  velocity  versus  time. 
In  order  to  compute  the  transfer  functions,  it  is  necessary  to  select  a 

layered  crustal  model  for  Pahute  Mesa.  The  one  used  is  given  in  Barker  et  al . 
(1985)  who  developed  it  specifically  to  give  accurate  near  field  synthetics. 
It  is  in  basic  agreement  with  the  models  of  Helmberger  and  Hadley  (1981), 
Hamilton  and  Healy  (1969)  and  Carroll  (1966),  differing  only  in  the  fine 
details  of  the  gradients. 

An  example  of  the  computation  of  a  tranfer  operator  for  a  1000  kt  event 

located  at  1  km  depth  in  the  Pahute  Mesa  structure  is  shown  In  figure  2.  The 
synthetic  vertical  and  radial  velocity  pulses  are  shown  on  the  left,  the  four 
nonzero  partial  derivatives  of  displacement  with  respect  to  spatial 
coordinates  in  the  center  and  the  transfer  functions  on  the  right.  The  top 
strain  is  Ezz  the  bottom  is  E^  and  the  average  of  the  center  two  is  E^z .  Note 
that  the  two  center  traces  sum  exactly  to  zero  so  that  the  free  surface 
condition  is  maintained.  The  transfer  functions  are  computed  by  transforming 
the  velocity  pulse  and  corresponding  partial  derivative  pulse  into  the 
frequency  domain  using  a  fast  fourier  transform  algorithm.  The  latter  is 
divided  by  the  former  and  the  inverse  transform  taken.  The  resulting  transfer 
operators  strongly  resemble  delta  functions  with  a  signal  to  noise  ratio  of 
about  5  to  1.  To  suppress  the  noise,  a  gaussian  filter  with  a  cutoff  of  5  hz 
was  applied  before  convolving  the  filter  with  the  data.  In  principle,  both 
the  radial  and  vertical  records  could  be  used  along  with  the  appropriate 
transfer  operators  to  estimate  strain.  In  practi'e,  it  is  difficult  to  do  so 
because  the  synthetics  are  never  really  exact  and  generally  the  vertical 
component  of  motion  is  predicted  better  than  the  radial .  It  is  difficult  to 
achieve  the  delicate  cancellations  required  to  maintain  the  free  surface 
condition.  Therefore,  the  vertical  component  was  used  to  generate  one  of  the 
two  components  of  strain  which  are  nonzero  for  an  explosive  source,  and  the 
free  surface  condition  was  used  to  generate  the  other  from  it. 

The  decay  rate  of  peak  shear  strain  with  range  is  shown  in  figure  3. 
Theoretical  curves  are  shown  for  the  largest  event,  BOXCAR,  and  the  smallest, 
SCOTCH.  The  curves  are  computed  assuming  that  elastic  theory  is  appropriate 
and  using  the  same  velocity  structure  as  in  the  calculation  of  the  transfer 
functions.  It  is  important  to  emphasize  that  this  structure  is  consistent 
with  those  determined  using  a  variety  of  low  strain  types  of  measurements. 
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The  observed  values  from  Che  processed  records  are  shown  as  data  points.  The 
range  of  strains  over  which  Q  values  appeared  to  vary  in  the  laboratory 
(figure  1)  was  1  to  70  ^strain.  This  level  is  only  half  way  up  the 
logarithmic  scale  in  figure  3.  The  theoretical  curve  for  the  smallest  event 
does  not  drop  below  1  ^strain  by  25  km.  Thus  the  entire  data  set  is  within 
the  strain  regime  in  which  the  nonlinear  processes  observed  in  the  laboratory 
are  believed  to  be  significant.  It  is  interesting  that  ’'he  observations  show 
the  same  rate  of  decay  as  the  theoretical  curve  which  was  computed  assuming 
linear  elasticity  holds.  The  nonlinear  effects,  if  they  are  important,  should 
have  influenced  the  shape  of  the  decay  curve.  However,  it  is  important  to 
remember  that  the  effects  are  probably  only  strong  at  shallow  depths.  All  of 
the  generalized  rays  important  to  the  P  pulse  dive  downward  into  the  crust  and 
only  enter  the  region  where  they  might  be  attenuated  as  they  emerge  under  the 
receiver.  In  other  words,  all  of  the  signals  from  a  given  event  might  be 
attenuated  by  more  or  less  the  same  amount.  The  reduction  in  amplitude  by  the 
nonlinearity  would  then  be  reflected  in  an  underestimate  of  the  absolute  size 
of  the  event. 

Strains  Near  Earthquakes  The  next  records  to  which  we  applied  our  velocity  to 
strain  transfer  operators  were  from  an  aftershock  of  the  15  October  1979 
Imperial  Valley  earthquake.  The  aftershock  was  studied  in  some  detail  by  Liu 
and  Helmberger  (1985)  wo  provided  a  mechanism,  moment  and  time  function  for 
it.  They  reported  the  event  depth  as  9.5  km.  The  largest  arrival  at  all 
stations  was  a  strong,  unusually  simple  S  wave,  so  in  this  case  we  computed  S 
rather  than  P  transfer  operators.  The  polarity  information  in  the  data  set 
was  very  clear,  and  it  allowed  Liu  and  Helmberger  (1985)  to  constrain  the 
mechanism  to  be  almost  pure  vertical  strike  slip.  They  reported  a  moment  of 
1.0  x  1024  dyne-cm  and  a  triangular  time  function  with  a  rise  of  .Is  and  a 
fall  of  .1  s.  From  our  modeling  studies,  however,  we  conclude  that  a  moment 
value  of  0.6  x  1024  dyne-cm  is  and  a  source  with  a  rise  of  .3  and  a  fall  of  .1 
s.  is  more  accurate. 

The  nonzero  strains  generated  by  incident  SV  are  Ezz  and  E^  As  before,  we 
wished  to  insure  that  the  free  surface  condition  would  be  satisfied,  so  we 
used  only  the  radial  component  of  motion  and  generated  both  strain  time 
histories  from  it.  The  observed  transverse  components  of  motion  were  used  to 
generate  the  third  nonzero,  off-diagonal  component  of  strain.  Another 
important  difference  between  the  Pahute  Mesa  and  Imperial  Valley  data  sets  is 
that  in  the  latter,  Liu  and  Helmberger  (1985)  found  evidence  for  very  low 
crustal  Q  in  the  form  of  a  strong  frequency  shift  between  P  and  S.  The  values 
they  used  for  shear  Q  in  the  top  1/2  km  of  there  model  were  on  the  order  of 
10.  This  results  in  a  relatively  distance  independent  t*  of  .132  s.  In  the 
calculations  that  follow,  we  used  this  value  along  with  the  layered  crustal 
model  they  presented.  Values  of  shear  Q  as  low  as  10  are  surely  atypical  and 
could  easily  be  interpreted  as  an  indication  that  nonlinear  processes  like 
those  suggested  by  the  laboratory  data  might  be  taking  place. 

An  example  of  the  velocity  to  strain  operators  for  the  earthquake  case  is 
given  in  figure  4.  As  before,  the  relevant  theoretical  velocity  traces  are 
shown  on  the  left,  the  spatial  derivatives  in  the  center  and  the  transfer 
operators  on  the  right.  In  this  Instance,  the  velocity  traces  are  Q  (radial) 
and  V  (tangential).  The  transfer  operators  are  shown  with  the  gaussian 
(cutoff  5  hz)  convolved  through.  Again,  the  operators  are  very  delta-like 
functions.  The  epicentral  range  for  the  calculations  shown  in  figure  4  is  10 
km  just  as  for  the  explosion  operators  in  figure  2.  The  strains  for  the 
earthquake  are  slightly  larger  than  for  the  megaton  explosion  which  is 
somewhat  suprising.  This  is  not  true  at  all  ranges  because,  as  we  shall  show 
in  the  following,  the  earthquake  strains  decay  at  a  much  slower  rate.  The 
transfer  operators  for  the  earthquake  source-station  geometry  were  generally 
simpler  than  for  the  explosion  case  meaning  that  we  are  probably  obtaining 
more  reliable  estimates  of  the  strain  time  history  for  the  earthquake. 


The  observed  peak  strain  values  for  16  observing  stations  of  the  Imperial 
Valley  aftershock  ranged  from  5  to  65  ^strain.  Because  of  the  azimthal 
radiation  pattern  of  the  double  couple  source,  they  did  not  show  a  clear 
pattern  of  decay  with  range.  To  attempt  to  view  the  decay  of  strain 
independently  of  the  azimuthal  pattern,  a  calculated  radiation  term  was 
divided  out  of  all  of  the  radial  and  tangential  S  wave  records.  This  corrects 
the  former  to  the  SV  radiation  max  where  SH  should  be  zero  and  the  latter  to 
the  SH  max  where  SV  should  be  zero.  Peak  strains  were  then  computed  from  each 
record  making  the  assumption  in  each  case  that  the  other  components  of  S  wave 
motion  were  zero.  The  results  are  shown  in  figure  5.  The  observed  values 
scatter  about  the  curve  predicted  by  elastic  theory.  There  is  no  general 
downward  shift  of  the  data  points  as  might  be  expected  if  strong  nonlinear 
losses  are  occur ing. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  close  relationship  between  velocity  and  strain  pulses  in  a  whole  space 
appears  to  be  maintained  for  a  layered  half  space.  The  large  data  base  of 
near  field  velocity  records  can  be  transformed  into  a  data  base  of  near  field 
dynamic  strain  records.  Near  field  strains  for  large  explosions  which  have 
been  successfully  modeled  using  linear  elastic  theory  are  as  high  as  10~3  at 
the  surface.  Those  near  to  a  small  earthquake  appear  to  be  about  10'5.  These 
strains  are  large  enough  so  that  one  might  expect  a  nonlinear  response  in  near 
surface  materials.  No  direct  evidence  for  such  a  response  can  be  found  in  the 
observed  decay  of  peak  strain  with  distance.  It  appears  to  follow  the 
predictions  of  linear  elastic  theory.  For  the  time  being,  it  seems  best  to 
presume  that  the  results  of  the  linear  elastic  modeling  studies  are  valid. 

More  work  is  needed  to  predict  just  what  the  effects  of  a  nonlinear  reduction 
in  Q  on  near  field  waveforms  should  be. 
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SPECTRAL  ESTIMATES  FROM  P-WAVE  CODA 
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The  most  reliable  power  spectral  estimate  of  seismic  background 
noise  assumes  a  nearly  stationary  process  so  that  overlapping 
blocks  of  data  can  be  windowed,  transformed  using  FFT  algorithms, 
and  then  averaged  to  obtain  the  estimates.  Spectral  estimates  of 
P-wave  signals  are  usually  based  on  the  Fourier  transform  of  a 
single  window  of  data  containing  only  a  few  cycles  of  the  wave¬ 
form.  One  may  argue  that  this  procedure  is  correct  for  the  spectral 
analysis  of  short  transients,  but  the  P-wave  arrival  always  includes 
a  coda  and  tends  to  approach  the  level  of  the  ambient  noise  at 
higher  frequencies.  For  shallow  sources  such  as  explosions,  the 
first  few  cycles  may  include  interfering  surface  reflections.  All 
of  these  characteristics  contribute  to  uncertainties  in  spectral 
estimates  for  the  P-wave. 

We  have  observed  that  teleseismic  P-wave  codas  from  large  under¬ 
ground  explosions  persist  well  above  ambient  background  for  as  long 
as  500  seconds.  Furthermore,  we  have  found  that  although  the  total 
power  in  the  coda  decreases  with  time,  the  shape  of  the  power  spec¬ 
trum  is  nearly  constant  until  the  power  in  the  coda  falls  to  am¬ 
bient  noise  levels.  The  process  thus  has  a  nearly  stationary 
auto-correlation  function  although  the  autocovariance  changes  with 
time.  We  have  designed  a  spectral  estimation  procedure,  shown  in 
Figure  1,  which  makes  use  of  this  near-stationary  property  to  pro¬ 
duce  normalized  spectral  estimates  using  a  modification  of  the 
well  known  block-averaging  procedure.  These  estimates  are  par¬ 
ticularly  useful  in  determining  spectral  decay  for  studies  of 
source  properties  and  frequency  dependent  attenuation. 

Figure  2  shows  about  600  seconds  of  vertical  component,  short- 
period  data  from  station  RSNT  which  includes  the  teleseismic  P-wave 
arrival  from  a  large  event  near  Semipalatinsk.  Figure  3  shows  nor¬ 
malized,  block-averaged  spectral  estimates  for  all  three  short- 
period  components  for  this  event.  The  first  set  of  spectra  are  for 
40  seconds  of  noise  just  prior  to  the  P  arrival.  Subsequent  spec¬ 
tra  are  for  adjacent  40  sec  windows  from  the  first  arrival  into  the 
coda.  Several  features  are  apparent  on  the  figure.  The  normalized 
spectra  are  fairly  smooth  and  are  similar  for  all  three  components. 
The  spectral  shape  changes  with  increasing  time  only  when  the  coda 
power  drops  to  that  of  the  ambient  seismic  noise.  We  assumed  a 
simple  source  spectrum  for  this  event  with  a  decay  of  f“2  above  a 
1.6  Hz  corner  frequency  and  found  t*  =  0.26  in  the  range  2  to 
5  Hz.  Although  one  can  use  other  source  models,  our  approach  should 
allow  us  to  compare  t*  for  other  stations  recording  the  same  event. 
Figure  4  shows  similar  spectral  estimates  for  the  same  event  recor¬ 
ded  at  RSON .  The  spectra  are  more  complicated  and  suggest  that  the 
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that  the  spectral  slope  changes  with  frequency.  We  found  a 
t*  between  0.3  and  0.45  depending  on  the  frequency  band. 

Figure  5  shows  spectra  for  the  same  event  recorded  at  RSSD. 

The  calculated  t*  for  this  station  was  0.40  in  the  range  2  to 
4  Hz.  In  the  frequency  band  important  for  determining  Mb,  Q  is 
lower  beneath  RSON  and  RSSD  than  beneath  RSNT. 

Figure  6  shows  the  normalized  spectra  for  NORESS,  Z  component, 
C-2,  for  a  large  event  at  Semipalatinsk.  The  first  group  of  spec¬ 
tra  represents  ambient  noise  before  the  P-arrival,  the  second  set 
(next  40  second  window)  is  for  mixed  noise  and  signal  and  the 
third  set  is  for  P-coda.  Assuming  the  same  source  model  as  pre¬ 
viously  used,  the  calculated  t*  is  for  0.11  for  the  2  to  7  Hz  band. 
This  value  is  less  than  half  of  the  t*  found  at  RSNT  for  a  Semi¬ 
palatinsk  source.  Care  must  be  taken,  however,  in  making  com¬ 
parisons  between  stations  with  such  a  great  difference  in  epi- 
central  distance,  because  these  low  values  of  t*  are  probably 
distance  dependent. 

Figure  7  shows  spectra  from  the  same  component  at  NORESS  for 
a  large  event  at  Novaya  Zemlya.  The  calculated  t*  for  these  spec¬ 
tra  was  0.11  in  the  range  2  to  7  Hz,  the  same  as  that  observed 
for  the  Semipalatinsk  event.  Since  the  distances  from  NORESS  to 
the  two  Soviet  test  sites  are  similar,  we  infer  from  these  data 
that  the  crust  and  upper  mantle  attenuation  beneath  the  two  sites 
is  nearly  the  same. 

Figure  8  shows  the  conventional  spectral  estimate  of  the 
P-arrival  from  a  magnitude  3.5  earthquake  west  of  Amarillo,  Texas, 
as  observed  at  the  GFRL  (Z  component)  station  52  km.  from  the 
epicenter  in  the  Stone  and  Webster  Engineering  Company  network 
centered  at  Amarillo.  The  data  window  was  about  5  seconds  long 
starting  with  the  first  arrival.  This  spectrum  shows  a  clear 
corner  and  a  spectral-rolloff  above  the  corner  a  little  steeper 
than  f~3,  but  there  is  considerable  uncertainty  in  determining 
that  slope.  Figure  9  shows  the  normalized  spectral  estimates  for 
16  seconds  of  noise  and  16  seconds  of  P  and  P-coda  for  the  same 
event.  From  this  spectrum  the  spectral  decay  from  8  to  30  Hz 
was  determined  to  be  54dB,  implying  a  slope  which  fits  well  within 
the  uncertainty  of  the  spectral  estimate  shown  in  Figure  8. 

We  believe  that  the  normalized,  block-averaged  method  for 
spectral  estimation  can  be  used  to  determine  the  spectra  of  P-coda 
with  good  precision  where  the  signal-to-noise  ratio  is  adequate, 
and  that  the  P-coda  spectra  are  representative  of  the  combined 
effect  of  the  source  spectrum  and  frequency  dependent  attenuation 
of  P-wavcs  from  both  explosions  and  earthquakes. 


FIGURE  1 


Procedure  for  calculating  normalized, 
block  averaged  signal  spectra 
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FIGURE  3 


FREQUENCY  (HZ) 


Normalized,  block  averaged  displacement  spectra, 
RSNT,  Semipalatinsk  event,  5  Dec.  1982,  Mb  6.1 
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FIGURE  4 
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Normalized,  block  averaged  displacement 
spectra,  RSON,  Semipalatinsk  event, 

5  Dec.  1982,  Mb  6.1  )  ] 
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FIGURE  5 
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Normalized,  block  averaged  displacement  spectra, 
RSSD,  Semipalatinsk  event,  5  Dec.  1982,  Mb  6.1 
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FIGURE  7 
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Normalized,  block  averaged  displacement  spectra, 
NORESS,  Novaya  Zemlya  event,  Day  299,  1984,  Mb  5.9 
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FIGURE  9 
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Normalised,  block  averaged  spectra,  for 
GFRL ,  Amarillo  earthquake,  Day  177,  1985, 

Mb  3.5. 
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Finite  Difference  Simulations  of  Rayleigh  Wave  Scattering 
by  2-D  Rough  Topography  and  Shallow  Heterogeneity 

K.  L.  McLaughlin,  R.  S.  Jih,  Z.  A.  Der,  and  T.  W.  McElfresh 
Teledyne  Geotech,  314  Montgomery  Street,  Alexandria,  VA  22314 

SUMMARY 

We  have  performed  second  order  2-D  numerical  Rayleigh-wave  scattering  experiments  on  models 
containing  ramps,  (simple  ramps,  trenches,  ridges),  rough  topography,  and  imbedded  heterogeneities  in 
order  to  investigate  many  situations  encountered  in  seismic  testing.  Some  general  conclusions  can  be 
drawn  from  these  experiments  with  regards  to  the  generation  of  seismic  P  coda  waves  at  test  sites. 

NUMERICAL  EXPERIMENTS:  SIMPLE  INCLINED  SURFACES 

Experiments  were  first  conducted  to  justify  that,  in  the  case  of  a  homogeneous  half-space,  the  grid 
dispersion  only  modulates  the  spectra  of  the  propagating  Rayleigh  wave.  No  significant  attenuation  of 
the  Rayleigh  wave  could  be  measured  for  the  half-space.  Following  this  check,  we  introduced  the  sim¬ 
ple  ramp.  We  measured  the  transmission  and  reflection  of  Rayleigh  waves  incident  upon  simple  uphill 
or  downhill  slopes  with  variable  height  The  reflection  and  transmission  coefficients  are  dependent  on 
the  ratio  of  the  ramp  height  to  the  wavelength  as  well  as  the  direction  of  the  ramp.  For  the  same 
height  the  downgoing  slope  always  causes  more  reflection  and  less  transmission  as  compared  to  the 
upgoing  slope.  Reflection  coefficients  are  always  less  than  transmission  coefficients.  Examples  are 
shown  in  Figure  1.  The  diffraction  pattern  generally  becomes  much  more  complicated  when  the  height 
of  the  ramp  is  larger.  In  all  cases  the  comers  act  as  point  sources  radiating  converted  bodywaves 
(mainly  S).  When  the  incident  Rayleigh  wave  encounters  a  rising  hill,  made  up  of  two  ramps,  some 
energy  is  converted  to  P  wave  energy  and  propagates  in  essentially  the  same  direction  as  the  incident 
Rayleigh  wave,  while  in  the  case  of  going  down  hill,  the  convened  P  wave  scatters  in  all  possible 
directions  (Figure  2).  Converted  P  waves  are  predominately  forward  scattered  for  A  <  h,  and  are  more 
isotropic  at  low  frequencies.  Converted  S  waves  are  roughly  the  same  amplitude  in  the  forward  and 
backward  directions  for  both  high  and  low  frequencies  for  Rayleigh  waves  incident  on  a  downhill  slope, 
and  for  uphill  slopes  are  dominated  by  forward-scattered  waves  at  high  frequencies  and  by  back- 
scattered  waves  at  low  frequencies. 

These  experiments  with  simple  topographic  profiles  are  instructive  since  they  show  us  that 
Rayleigh-to-bodywave  conversion  occurs  near  comers  (changes  in  slope),  is  frequency  dependent,  direc¬ 
tionally  dependent,  and  in  general  depends  on  the  sign  in  the  change  of  slope.  These  phenomena  are 
more  difficult  to  observe  in  more  complicated  topographic  profiles. 

NUMERICAL  EXPERIMENTS:  ROUGH  TOPOGRAPHIC  PROFILES 

In  order  to  generate  random  topography,  a  random  number  generator  was  used  to  produce  Markov 
sequences  of  values  0,  1,  or  -1  with  a  chosen  transition  probability  matrix.  The  associated  random  walk 
(integrated  sequence)  is  then  derived.  Fifteen  rough  topographic  profiles  were  inserted  into  a  grid  with 
flat  ground  on  both  sides  to  simulate  the  propagation  of  Rayleigh  waves  across  a  section  of  terrain  with 
rough  topography.  The  initial  incident  waveform,  and  the  reflected  and  transmitted  waveforms  were 
then  measured  at  near  surface  "sensors"  away  from  the  rough  topography.  Transmission  coefficients  and 
the  attenuation  factor  Q(f)  were  then  computed  in  the  frequency  domain.  Table  1  gives  the  statistics  of 
several  topographic  profiles  used  and  the  corresponding  attenuation  factor  Q  at  the  dominant  frequency. 
Here  we  computed  the  attenuation  factor  Q  via  &'(/)  =  -ln(T(f))(VK  /  2i$X).  The  roughness  coefficient 
Q,  (or  normalized  total  variation)  is  defined  by  ft]  *  £|//, -//*_]  | /  *  where  //,  is  the  elevation  at  ith 
column  of  the  nontrivial  portion  of  the  topography,  X  the  traveling  distance.  This  statistic  reflects  the 
idea  that  in  a  smooth  sequence  of  points  the  differences  between  successive  values  are  all  small,  and 
hence  the  numerator  will  be  small.  The  denominator  is  simply  a  scaling  factor.  Further  investigation 
on  whether  such  ft],  as  a  measure  of  roughness,  can  characterize  all  general  rough  topographic  features 
is  necessary. 
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In  these  numerical  tests,  smoother  topographic  profiles  have  larger  Q  as  expected.  For  the 
specific  profiles  listed  in  Table  1,  the  ordering  is  preserved  if  fli  were  replaced  by  the  normalized  l2 
norm  of  the  elevation  change,  fl2,  which  is  defined  by  V£(^HA-i)2  1  Q  estimates  are  much  the 
same  whether  shear  or  dilatational  strain  energy  were  used  to  measure  attenuation.  Several  calculations 
were  run  at  grid  sizes  differing  by  factors  of  2  and  1.428.  The  resultant  Q’s  were  nearly  identical.  The 
attenuation  of  Rayleigh  waves  as  they  propagate  over  rough  topography  is  dominated  by  the  conversion 
to  body  waves  and  not  by  refelction  for  all  models  examined. 


TABLE  1.  Rough  Topo 

graphic  Profiles 

topography 

Q(.8Hz)* 

3 

8.7 

.18 

629 

15 

11.4 

.39 

184 

5 

11.9 

.40 

37 

4 

12.1 

.46 

33 

10 

11.5 

.49 

28 

6 

12.2 

.52 

25 

11 

112 

.54 

21 

8 

12.0 

.58 

IS 

*  (V* -2.71  km/s,  X  -3.2km) 


NUMERICAL  EXPERIMENTS:  SHALLOW  HETEROGENEITIES 

Shallow  heterogeneous  layers  are  created  by  convolving  a  2-D  white  noise  field  with  2-D  Gaus¬ 
sian  filters  with  specified  sizes  of  the  dominant  scatterers  (i.e.  grain  size,  a)  which  turns  out  to  be  pro¬ 
portional  to  the  mean  spatial  correlation  distance.  These  smoothly  varying  heterogeneous  media  were 
then  embedded  into  a  homogeneous  half-space. 

Finite-difference  simulations  were  performed  for  18  combinations  of  shallow  heterogeneities  with 
3  rms  velocity  fluctuations  (5%,  7%,  and  10%),  2  mean  scatterer  sizes  (1km  and  2km),  and  3  different 
depths  of  the  heterogeneous  layer  (1km,  2km,  and  3.2km).  Figure  3  shows  some  snapshots  of  the  dis¬ 
placement  fields  due  to  a  Rayleigh  wave  propagating  in  a  model  with  a  shallow  heterogeneous  section. 
The  attenuation  of  Rayleigh  waves  incident  upon  such  media  are  dependent  on  the  factors:  v  ,  a,  h,  the 
rms  value  of  heterogeneity,  gain  size,  and  depth  of  heterogeneity.  Results  show  that  attenuation  is  well 
predicted  by  first  order  (Bom  approximation)  scattering  theory  for  velocity  variations  up  to  20%  rms. 
The  production  of  converted  body  waves  is  again  predominately  forward  scattering  for  high  frequencies 
and  back  scattered  or  nearly  isotropic  for  low  frequencies.  Conversion  to  P-SV  body  waves  dominates 
the  attenuation  of  the  Rayleigh  wave  as  it  propagates  through  shallow  heteicf.eneity  in  the  range  where 

FINITE  DIFFERENCE  EQUIVALENTS  OF  RAYLEIGH  WAVES 

In  simulating  the  scattering  of  Rayleigh  waves  on  lateral  heterogeneities  and  topography  it  is 
important  to  have  a  way  of  initiating  die  propagation  of  a  Rayleigh  pulse  without  also  generating  some 
distracting  body  waves  in  the  finite-difference  (FD)  grid.  We  have  experienced  some  difficulties,  how¬ 
ever,  when  we  attempted  to  use  the  analytical  solutions  in  the  manner  of  Levander  (1985)  for  layered 
structures  which  had  strong  vertical  velocity  contrasts,  such  as  would  be  the  case  for  Yucca  Flats, 
Nevada  Test  Site.  Apparently  we  need  exact  solutions  to  the  FD  approximate  equations  of  elasticity 
rather  than  the  analytical  solutions  for  layered  structures. 

We  therefore  need  the  exact  FD  solutions  to  start  the  Rayleigh  wave  pulses  in  models  of  struc¬ 
tures.  The  part  of  the  grid  where  we  initiate  the  solutions  must  be  a  flat  layered  structure  such  that  we 
can  finish  the  input  of  a  transient  Rayleigh  wave  before  any  reflections  from  lateral  heterogeneities 
arrive.  In  general  it  makes  no  sense  to  talk  of  Rayleigh  waves  otherwise,  since  the  mere  concept  of 
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Rayleigh  waves  itself  has  no  meaning  in  laterally  changing  structures.  Therefore  we  seek  surface  wave 
solutions  for  2D  laterally  homogeneous  grids  for  initializing  the  motion  in  laterally  heterogeneous  grids. 

We  have  obtained  solutions  for  the  FD  formulations  of  Kelly  et  al  (1976)  the  algorithm  we  use  in 
our  FD  work.  Analogous  to  the  analytical  case  the  evanescent  solutions  in  the  underlying  half  spaces  in 
the  model  are  selected  by  selecting  the  two  decoupled  solutions  arising  from  the  eigenvalue-eigenvector 
decompositions  of  the  FD  propagator  matrices.  These  are  subsequently  continued  upwards  in  the 
manner  described  in  Aki  and  Richards  (1980),  and  pain  of  to  and  k  are  found  by  iteration  that 
corresponding  to  fundamental  Rayleigh  waves.  The  solutions  obtained  are  to  be  used  as  forcing  func¬ 
tions  on  one  side  of  the  grid  to  initialize  Rayleigh  waves  in  layered  structures  with  strong  vertical 
heterogeneities.  This  will  enable  us  to  model  Rayleigh-to-P  scattering  at  Yucca  Flats  and  Pahute  Mesa. 
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1  Snapshots  of  the  displacement  field  due  to  a  Rayleigh  wave  incident  upon  45®  ramp.  Succes¬ 
sive  frames  are  separated  by  2  sec  intervals.  Displacements  are  proportional  to  the  darkness  of  the  plot 
and  are  normalized  to  the  maximum  in  each  frame.  The  diffraction  pattern  generally  becomes  much 
more  complicated  when  the  the  height  of  the  ramp  is  lager.  The  comers  act  as  point  sources  radiating 
converted  bodywaves  (mainly  S  wave).  ■#  o  <  i 
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HIGH  FREQUENCY  SEISMIC  SOURCE  FUNCTIONS  FOR  CAVITY 
DECOUPLEn  UNDERGROUND  NUCLEAR  EXPLOSIONS 


J.  R.  Murphy 
S-CUBED 


OBJECTIVE 


The  objective  of  this  program  is  to  conduct  a  more  rigorous 
theoretical  investigation  of  the  high  frequency  characteristics  of 
decoupled  seismic  sources  and  to  assess  the  implications  of  these 
investigations  with  regard  to  the  detection  and  discrimination  of 
small  decoupled  explosions.  This  is  being  accomplished  through  a 
combination  of  detailed  deterministic  simulations  and  analyses  of 
new  empirical  data  recorded  from  partially  decoupled  explosions  at 
the  Nevada  Test  Site. 


RESEARCH  ACCOMPLISHED* 


The  seismic  source  approximation  for  decoupled  explosions 
which  has  been  used  in  most  previous  studies  of  detection  and  identi¬ 
fication  (e.g.,  Evemden  et^  al . ,  1986)  corresponds  to  the  linear, 
elastic  solution  for  a  simple  step  in  pressure  acting  in  a  spherical 
cavity.  In  fact,  however,  it  has  long  been  recognized  that  this  is 
a  very  crude  approximation  to  the  actual  pressure  induced  in  a 
cavity  by  a  nuclear  explosion,  particularly  at  high  frequencies. 

For  example,  Figure  1  shows  a  comparison  of  the  cavity  pressure 
history  for  a  fully  decoupled  5  kt  explosion  computed  by  Patterson 
(1964)  using  a  nonlinear  finite  difference  code  with  the  corresponding 
step  pressure  approximation.  It  can  be  seen  that  the  more  precise 
finite  difference  solution  predicts  a  large  (more  than  1.5  kilobar) 
initial  pressure  spike  on  the  cavity  wall,  followed  by  a  rapid  decay 
and  subsequent  oscillation  about  the  steady-state  value  character¬ 
istic  of  the  step  function  approximation.  The  nature  of  this  initial 
pressure  spike  can  be  most  easily  understood  by  considering  the  pres¬ 
sures  induced  by  an  atmospheric  nuclear  explosion.  Brode  (1968)  has 


*  Since  this  project  was  only  recently  initiated  (April  1,  1987) 
this  discussion  will  be  limited  to  am  overview  of  our  research 
objective  plan. 


shown  that  for  peak  incident  shock  pressures  (Ps)  of  more  than  a 
few  hundred  bars,  the  peak  value  can  be  expressed  as  a  function  of 
yield  (W)  and  range  (r)  by  the  approximate  relation 


Ps  ~ 


3.08  x  10°  W 


(1) 


where  r  is  in  meters,  W  in  kt.  Now,  to  a  first  order  of  approxima¬ 
tion,  the  reflection  of  the  shock  from  the  cavity  wall  can  be  analyzed 
by  assuming  the  wall  is  rigid.  In  this  case,  Brode  (1968)  has  shown 
that  the  shock  reflection  factor,  Fs,  can  be  approximated  by  the 
relation 


2  +  1.067  Pe 


1  +  0.082  Pc 


(2) 


Thus,  for  the  Patterson  calculation  shown  in  Figure  1,  which  corre¬ 
sponds  to  a  5  kt  explosion  in  a  cavity  with  a  radius  of  about  50  m, 
the  peak  incident  shock  pressure  from  (1)  is  about  125  bars  and  the 
corresponding  shock  reflection  factor  from  (2)  is  about  12,  leading 
to  an  initial  pressure  spike  estimate  of  1.5  kilobars,  in  good  agree¬ 
ment  with  that  shown  in  Figure  1.  The  subsequent  oscillations  in 
Figure  1  represent  the  reverberations  of  this  shock  in  the  cavity, 
which  eventually  damp  out  to  the  late-time  equilibrium  pressure  value 
of  75  bars. 

It  is  not  clear  at  the  present  time  how  this  complex  pressure 
history  might  affect  the  corresponding  decoupled  seismic  source  func¬ 
tion,  but  Figure  2  shows  a  frequency  domain  comparison  of  the  reduced 
velocity  potentials  computed  from  the  two  pressure  histories  of  Fig¬ 
ure  1,  assuming  linear,  elastic  response  of  the  cavity  wall.  It  can 
be  seen  that  while  these  two  source  estimates  are  comparable  at  low 
frequency,  they  diverge  significantly  for  frequencies  above  10  Hz. 
Thus,  for  example,  the  peak  at  about  65  Hz  in  Patterson's  (1964) 
finite  difference  source  corresponds  to  the  inverse  of  the  shock  re¬ 
verberation  time  in  the  cavity,  which  has  no  counterpart  in  the  step 
approximation.  A  more  fundamental  concern  is  that  the  large  initial 
pressure  spike  may  well  induce  nonlinear  response  in  the  surrounding 
medium  which  could  significantly  modify  the  solution  at  both  high 
and  low  frequencies. 

In  an  attempt  to  address  these  issues,  we  plan  to  carry  out 
a  series  of  detailed,  nonlinear  finite  difference  simulations  in 
which  the  seismic  response  to  more  realistic  explosive  pressures  will 
be  computed  for  a  range  of  spherical  cavity  configurations.  In  these 
simulations,  the  full  nonlinear  response  of  the  cavity  wall  to  the 
simulated  pressure  loading  will  be  computed  using  a  finite  difference 
zoning  adequate  for  the  accurate  representation  of  frequency 


components  up  to  40  Hz  and  all  problems  will  be  run  to  a  range  at 
which  the  medium  response  is  completely  linear.  Representative  cal¬ 
culations  will  be  performed  for  salt,  granite  and  tuff  media  and  the 
results  of  these  calculations  will  be  compared  with  those  predicted 
using  the  simple  step  pressure  analytical  model  employed  by  Evernden 
et  a_l.  (1986)  in  order  to  establish  uncertainty  bounds  on  the  seismic 
characteristics  of  decoupled  explosions  at  high  frequencies. 

In  addition,  data  recorded  from  recent  NTS  explosions  in  hemi¬ 
spherical  cavities  (i.e.,  MILLYARD)  are  being  investigated  in  order 
to  provide  further  empirical  constraints  on  decoupled  seismic  source 
models.  Specifically,  we  plan  to  analyze  the  ground  motion  data  re¬ 
corded  on  the  surface  directly  above  the  cavity  with  the  objective 
of  defining  the  high  frequency  source  characteristics  of  such  tests. 
In  principle,  the  high  frequency  components  of  these  ground  motions 
should  be  dominated  by  the  initial  shock  on  the  cavity  wall  and  thus 
should  provide  valuable  insight  concerning  the  high  frequency  seismic 
radiation  to  be  expected  from  corresponding  spherical  cavities. 


CONCLUSIONS  AND  RECOMMENDATIONS 


Since  this  project  has  just  begun,  it  is  not  possible  to 
state  any  definitive  conclusions  at  this  time.  However,  it  does 
seem  clear  that  the  simple  step  function  approximation  to  the  cavity 
pressure  induced  by  a  decoupled  explosion  can  only  be  considered  to 
be  applicable  in  the  low  frequency  limit.  At  higher  frequencies, 
complex  phenomena  associated  with  pressure  spikes  on  the  cavity  wall 
will  have  to  be  evaluated  to  determine  their  influence  on  estimates 
of  regional  detection  and  identification  capability. 
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cavity  wall  associated  with  a  fully  decoupled  5  KT  explosion. 
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Tne  primary  objective  of  this  research  is  to  develop  a  constitutive 
relation  for  rock  which  incorporates  tne  physics  of  crack  nucleation  . 
growth,  and  interaction  under  stress  conditions  generated  Dv  an 
underground  nuciear  explosion.  This  approach  is  motivated  Dv  I  >  the  desire 
to  include  variables  such  as  porosity,  water  saturation,  and  the  density 
ana  orientation  of  preexisting  cracks  and  joints  into  the  modeling,  2> 
discrepancies  oetween  tne  calculated  and  observed  near-field  velocitv 
pulse  for  explosions  m  low-porosity  crystalline  rock,  and  3)  discrepancies 
between  tne  velocity  pulse  observed  in  small-scale  laboratory  simulations 
and  that  observed  in  the  field 

Toward  this  goal,  we  are  formulating  a  "damage  mechanics'  for 
compressive  loading  For  a  given  distribution  of  initial  flaws  icracks  or 
pores  in  the  rock),  we  calculate  the  nucleation  and  growth  of 
microfractures  as  a  function  of  stress  using  linear  elastic  fracture 
mechanics.  The  state  of  crack  extension  at  any  time  is  represented  bv  a 
damage  vector,  as  damage  accumulates,  the  elastic  stiffness  decreases 
anc  the  stress-strain  relation  becomes  non-linear.  At  large  values  of 
damage,  tne  fractures  interact,  and  damage  accumulation  is  accelerated 
a  peak  stress  is  achieved  after  which  the  strength  decreases  with 
additional  strain  The  current  theoretical  challenge  is  to  develop  the 
correct  model  for  fracture  interaction,  since  the  peak  (failure;  stress  and 
subsequent  stain  weakening  are  sensitive  to  the  interaction  Although 
there  nave  been  several  preliminary  formulations  (Costin,  1985.  Sammis 
and  Ashby,  1 986a, b;  the  interaction  has  not  been  adequately  treated 

in  parallel  to  the  formulation  and  testing  of  the  damage  mechanics 
model,  we  are  implementing  it  in  a  numerical  source  simulation  in  order  to 
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test.  our  working  hypothesis  that  the  strain-weakening  associated  w'tn 
tne  fracture  interactions  is  responsible  for  the  pulse  shapes  observed  in 
the  near  field  of  U.5  underground  nuclear  tests  in  granite 


RESEARCH  ACCOMPLISHED 

For  the  three  U  S  underground  tests  in  granite,  the  particle 
velocity  was  measured  in  the  free  field  as  a  function  of  distance  from  the 
3hot-po'nt  in  each  case,  numerical  simulations  using  continuum 
mechanics  with  strength  values  measured  in  the  laboratory  have  failed  to 
predict  the  velocity  pulse  width  to  within  a  factor  of  about  5  (Rimer  et  a! 
,  1987)  Models  which  have  predicted  the  correct  pulse-width  all  have 
required  a  large  reduction  in  post-shock  strength  to  values  well  below 
those  measured  in  the  laboratory,  even  for  prefractured  samples 

The  physical  mechanism  responsible  for  the  post  shock  weakening 
has  been  less  clear  Cherry  an  Rimer  ( 1 982)  have  invoked  an  effective 
stress"  mechanism  in  which  the  free  crack  and  pore  space  is  e'lminatec 
during  the  initial  compression  Fluids  in  the  remaining  saturated  cracks 
are  compressed  to  nigh  pressures  which  support  part  of  the  confining 
stress  thus  lowering  the  failure  surface  However,  Scholz  (1982)  has 
argued  that  dilatancy  hardening  is  expected  to  override  any  weakening 
produced  by  the  effective  stress  effect 

Russian  scientists  (Zamyshlyayev  et  at ,  1 980)  nave  a'so  shown 
that  post-shock  weakening  can  produce  the  pulse  broadening  observed  in 
the  Hard  Hat  explosion,  but  their  proposed  mechanism  is  quite  different 
They  attribute  weakening  to  the  time  dependent  growth  of  cracks  benino 
the  shock  front.  They  also  assert  that  shear  deformation  behind  the  shock 
front  produces  a  rotation  of  the  blocks  of  rock  between  fractures,  and 
results  in  dilatancy.  Based  on  their  modeling,  they  conclude  that 
post-shock  weakening  and  dilatancy  contribute  equally  to  the  observed 
pulse  shape  The  proposed  weakening  is  shown  tn  Fig  I  (from  their  paper; 

(  Figure  1  Post-shock  weakening  path  from, 

Zamyshiyayev  et  a!  1 19801  V  (  is  the  strength 
of  the  undamaged  rock,  Y7  is  tne  strength  of  the 

damaged  rock  The  dashed  path  represents  the 
_  strength  reduction  which  accompanies  crack 

*  growth 
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Our  explanation  of  weakening  is  ,  in  principle,  the  same  as  tnat 
proposed  by  Zamyshiyayev  et  3}.  ( 1980)  except  that  our  model  is  based  or> 
rhe  micromechanics  of  crack  growth  and  interaction  (see  eg  Sammis  and 
as by,  :986a.b  ,  Ashby  and  Hal  1am,  1986)  As  illustrated  in  Fig.  2,  we 
mooe1  tne  activation  of  preexisting  cracks  and  joints  (of  initial  length  a) 


we  nave  developed  analytic  expressions  for  the  out-of-olane 
extension,  1,  of  suer,  flaws  in  terms  of  the  applied  stress 

orrVna/K)c  =  F,  *  f2  (i) 

where  F,  describes  the  initiation  and  growth  of  an  isolated  fracture  and 

describes  the  additional  crack  growth  due  to  tne  interaction  which  we 

modei  as  arising  from  the  bending  of  beams  of  solid  rock  between 
fractures  This  interaction  is  broadly  analogous  to  the  block  rotation 
proposed  by  the  Russian  investigators  as  discussed  above.  Analytic 
expressions  for  these  two  contributions  are. 

F,  =  -(M)3/2/[(1-X-n(l+XM.3XLH0.23LH/(/3(!^L)1/2)]]  (2) 

1  /F2  -  -(v  2/n)D0,/2(L>a),/2[(  1  -(8/n)D0ML+a)3}{  1  -(2/n)D0/UL+a)?)]u2 

(3) 

in  these  expressions,  *.=0^/  orr  is  the  ratio  of  hoop  stress  to  radial 
stress,  [l  is  coefficient  of  friction  on  the  starter  crack,  1  =  1/a,  3nd  D0  » 
rra2,^  (NA  is  the  number  of  fracture  per  unit  area)  measures  tne  initial 
fracture  density  The  geometrical  factor  a=1//2 

if  we  define  damage  as  D  =  l-NA  =  L2f A/rr  where  f  A  is  the  fraction 
of  the  total  area  which  contains  starter  cracks,  then  Eauat'on  ( 1 )  can  be 


used  to  calculate  the  stress  as  a  function  of  carnage  As  shown  in  Fig  3., 
this  analysis  predicts  a  peak  strength  which  we  identify  as  the 
compressive  strength  As  damage  increases  beyond  this  point  the  strength 
falls  Strain-weakening  thus  appears  as  a  natural  consequence  of  the 
fracture  interaction  at  large  values  of  damage 


Figure  3  Stress  as  a  function  of 
damage  calculated  using  Eqn  ( 1 ) 


it  is  sometimes  assumed  (see  e§_  Scholz,  1 982)  that  the  lower 
limit  to  the  strength  of  a  shattered  rock  is  given  by  the  friction  law 
However,  this  may  net  be  the  case  if  weakening  is  due  to  runaway 
interaction  and  growth  of  fractures,  since  friction  is  not  involved  in  this 
process.  Rather,  dilatancy  and  crack  growth  are  driven  by  the  rotation  of 
blocks  between  fractures. 


The  damage  mechanics  approach  may  also  help  interpret  the 
resuits  of  a  recent  set  of  laboratory  simulations  in  granite  which  were 
des'gned  to  investigate  the  pulse-broadening  observed  in  the  field  (Nagy 
and  Florence,  1986)  The  results  of  these  experiments  are  summarized  in 
the  table  below 


SAMPLE  DESCRIPTION 

Ai  received  idrv) . 

(wet) 

Thermailv  fractured  idry). 

(wet) 

Oas  fractured  (dry) . 

(wet) 


PULSE  SHAPE 

...  Narrow 
Narrow 
....  Narrow 
Narrow 
....  Narrow 

Slightly  wider  (2-3x) 


The  gas  fractured  samples  were  the  most  extensively  fractured,  and 
probably  had  the  largest  fractures  since  tnev  were  barely  cohesive  Oniv 
these  samples  which  contained  water  (at  a  pressure  equal  to  the  confining 
pressure)  showed  any  pulse  broadening.  All  other  cases  produced  a  narrow 
pulse  in  agreement  with  numerical  predictions  based  on  strength 
parameters  measured  in  the  laboratory 

lit 


Crack  Extension,  I/s 


we  interpret  the  lack  of  pulse  broadening  in  these  simulations  to 
be  the  conseauence  of  scaling  effect  inherent  in  the  physics  of  crack 
growth  The  stress  necessary  to  nucleate  and  extend  out-of-plane  crack 
growth  scales  as  the  inverse  square  root  of  the  initial  flaw  size  a  (see 
Eon  ( i )  )  Since  the  maximum  fracture  length  in  the  simulation  is  limited 
by  tne  sample  size,  the  experimental  results  can  be  explained  if  these 
f  laws  are  too  short  to  be  activated  at  the  stress  levels  produced  by  the 
scaled  explosion  Quantitative  verification  of  this  explanation  will 
require  a  full  numerical  simulation  (which  itself  depends  on  the  rheology), 
nowever,  tne  following  example  illustrates  the  scaling  effect 
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Figure  A  Stress  pulse  at  a  distance  of 
204  m  from  the  PileJriver  explosion 
(from  Pimer  et  ,  19871 
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Consider  the  stress  pulse  at  a  distance  of  204  m  from  the 
biiednver  explosion  shown  in  Figure  4  This  stress  pulse  was  calculated 
using  laboratory  strength  data  for  granite.  At  the  stress  peak,  orr  =  334 

MPa  and  o0e  =  1 35  MPa.  Equations  ( 1)  and  (2)  were  used  to  calculate  the 

crack  growth  unaer  tnese  conditions,  and  the  results  are  snown  in  Fig  5a 
The  case  n=0.6  is  expected  in  the  dry  case.  It  is  assumed  that  water 
saturation  in  the  cracks  will  reduce  the  coefficient  of  friction  to  fi=0  For 
either  value  of  ft.  the  hoop  stress  is  large  enough  that  significant  crack 
growth  does  not  occur.  This  minimal  crack  growth  justifies  our  neglect  of 
the  interaction  terms  aiven  bv  Eauation  (3). 
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Figure  S.  Crack  extension  as  a  function  of  initial  crack  siee  Case  a  is  at  peak  stress,  case  b  is 

post-oeak.  *  M  , 
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After  the  oeak,  the  stresses  fall  to  values  of  orr  =  33  MPa  and  Oqq 


=  2  MPa  Crack  growth  under  these  conditions  are  shown  in  Figure  5b.  Note 
that  in  the  dry  case,  cracks  larger  than  about  one  meter  show  significant 
growth  Hence  a  model  experiment  using  3  sample  with  dimensions 
approximately  equal  to  or  smaller  than  one  meter  would  not  show 
weakening.  For  the  wet  case,  cracks  larger  that  one  centimeter  show 
significant  growth  Hence  a  meter  size  sample  might  be  expected  to  snow 
some  weakening  effects  if  it  were  saturated 

CONCLUSIONS  AND  RECOMMENDATIONS 

Based  on  the  above  analysis  we  draw  the  following  conclusions. 

1 )  Strain  weakening  is  a  good  candidate  for  the  post-shock 
strength  reduction  required  to  fit  the  Dulse  shapes  observed  for 
U  S  underground  explosions  in  granite. 

2)  Strain  weakening  may  potentially  reduce  the  shear-strength 
below  frictional  values. 

3)  Lack  of  pulse  broadening  in  laboratory  simulations  may  be 
the  result  of  1  / Va  scaling  in  out-of-plane  fracture  propagation 
The  effect  of  fluid  saturation  in  such  experiments  may  be  to 
reduce  sliding  friction  on  existing  fractures  thereby  allowing  the 
extension  of  smaller  starter  cracks. 

Furtner  progress  will  require  the  incorporation  of  damage  mechanics  into 
the  numerical  simulations. 
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OBJECTIVE 


This  work  is  designed  to  constrain  the  physical  and  mathe¬ 
matical  models  of  near  surface  explosive  arrays.  These  source 
arrays  range  from  two  dimensional  surface  sources  which  are 
detonated  simultaneously  for  military  purposes  to  three  dimen¬ 
sional  arrays  of  explosives  which  are  ripple  fired  for  mining 
purposes . 

Our  goal  is  to  understand  long  period  coupling,  corner  fre¬ 
quency  variation  and  high  frequency  role-off  for  these  explosive 
arrays.  This  source  quantification  will  allow  comparisons  to  be 
made  with  fully  contained  explosions  and  earthquakes. 

The  thrust  of  this  work  is  the  acquisition  and  analysis  of 
near  source  data  from  these  types  of  sources.  The  near-field 
data  will  be  used  to  constrain  source  variations.  Regional 
data  from  the  same  explosive  events  will  be  utilized  in  a  study 
of  source  and  propagation  path  trade-offs. 

RESEARCH  ACCOMPLISHED 


In  the  two  months  since  contract  initiation  work  has  focused 
on  the  acquisition  of  data  in  two  areas.  The  first  is  a  set  of 
near-field  acceleration  measurements  from  a  series  of  2  dimensional 
planar  explosive  shots  conducted  by  the  Air  Force  Weapons  Lab¬ 
oratory.  These  rectangular  sources  had  equivalent  TNT  yields  of 
150,000  lb.  (SS),  300,000  lb.  (SSR) ,  2,000,000  lb  (LS)  and  3,300,000 
lb  (LS-IR) .  Two  component  data  were  recorded  in  the  260  to  5500  ft. 
range.  The  tests  were  conducted  near  Yuma,  Arizona  in  desert 
alluvium. 

Representative  waveforms  from  SSR,  SS,  and  LS  are  given  in 
Figure  1.  The  effect  of  source  sizes  is  reflected  in  both  the  amp¬ 
litude  and  pulse  widths  of  the  waveforms.  Propagation  complications 
become  evident  at  the  5500'  range.  Particle  motion  diagrams  of 
the  data  indicate  initial  rectilinear  motion  of  the  body  waves, 
followed  by  a  prograde  higher  mode  surface  wave,  and  concluding 
with  the  retrograde  fundamental  mode. 

Spectral  estimates  in  Figure  2  give  a  qualitative  feel  for  the 
possible  variations  in  source  characterization  over  the  yield  range 
of  150,000  to  2,000,000  lbs.  The  largest  event  has  a  source  corner 
between  1  and  1.5  Hz  while  the  smallest  event  has  a  source  corner 
between  3  and  3.5  Hz.  Spectral  ratios.  Figure  3,  of  the  largest 
to  smallest  event  also  support  this  interpretation.  At  the  very 
high  frequencies  (  5  hz)  the  spectra  overlie  one  another. 

The  second  set  of  data  which  will  be  utilized  in  this  study 
is  from  a  series  of  quarry  explosions  in  New  England.  A  field 
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program  to  acquire  this  data  is  being  jointly  implemented  by 
AFGL,  AFWL,  MIT,  BC ,  and  SMU.  The  experiments  are  scheduled  to 
take  place  over  the  13-24  July  1987  time  period.  Preliminary 
plans  call  for  a  40  station  instrument  array.  Approximately  10 
of  theses  instruments  will  be  used  to  complete  the  near  source 
characterization  while  the  remaining  instruments  will  be  utilized 
in  the  quantification  of  the  regional  motion  field.  The  different 
geological  environment  along  with  ripple  fire  characteristics  of 
the  surface  nmining  shots  will  be  contrasted  with  the  Yuma,  Arizona 
sources . 

CONCLUSIONS  AND  RECOMMENDATIONS 


Data  from  a  series  of  military  chemical  explosions  spanning  the 
range  of  yeilds  150,000  to  3,300,000  has  been  gathered.  Preliminary 
analysis  indicates  significant  variations  from  source  to  source. 

Work  is  continuing  on  quantifying  these  variations.  The  next  step 
will  be  a  data  modeling  exercise  and  the  testing  of  scaling  relations. 

A  summer  field  series  designed  to  acquire  near  source  and 
regional  data  from  a  set  of  quarry  explosions  in  New  England  is 
planned. 
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SCATTERING  AND  ATTENUATION  IN  NEW  ENGLAND 

M.  NAFI  TOKSOZ,  ANTON  M.  DAINTY,  EDMUND  REITER  AND  VERNON  CORMIER 

EARTH  RESOURCES  LABORATORY 
DEPT.  EARTH,  ATMOSPHERIC,  AND  PLANETARY  SCIENCES 
MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 

OBJECTIVE 

The  dependence  of  ground  motion  U  of  frequency  w  with  distance  r  from  the  source  may  be 
described  by  the  equation 

U(r,u)  =  S(cj)  •  F(r)  •  exp[-rw/(Qv)]  (1) 

In  (1)  S  represents  the  source  and  v  is  the  seismic  wave  velocity.  The  factor  F(r)  is  the  geometrical 
spreading  factor  due  to  the  propagation  of  motion  in  a  perfectly  elastic  medium  without  random 
scattering.  In  a  homogeneous  medium  F(r)  =  1/r  for  body  waves  and  =  l/y/r  for  surface  waves 
(not  including  the  effect  of  dispersion),  and  this  form  is  often  used  at  ranges  of  less  than  100  km. 
The  exponential  term  parameterized  by  Q  describes  the  effect  of  attenuation  due  to  imperfect 
elasticity  (anelastic  attenuation)  and  random  scattering.  Our  objective  is  to  examine  the  relative 
contribution  of  scattering  and  random  attenuation  in  New  England. 

While  physical  definitions  of  Q  are  given  in  the  literature  in  practice  Q  is  usually  measured 
by  methods  based  on  equation  (1)  or  the  corresponding  time  equation.  A  difficulty  that  arises 
with  this  “operational”  definition  of  Q  is  that  different  results  may  be  obtained  based  on  different 
methods  of  measurement  even  in  simple  cases  (Aki  and  Richards,  1980,  p.  168).  A  particularly 
important  case  is  the  influence  of  scattering.  If  a  short  pulse  travels  through  a  medium  in  which 
both  scattering  and  anelasticity  occur,  then  the  total  Q,  Qt,  is  (Dainty,  1981) 

l/Qt  =  l/Qi  +  l/Q.  (2) 

In  (2)  Qi  is  the  anelastic  Q.  The  loss  of  energy  from  the  pulse  due  to  scattering  is  described  by 
Qt  =  cj/(2gv),  where  g  is  the  scattering  cross  section  per  unit  volume,  or  turbidity.  Equation  (2) 
indicates  that  for  the  case  of  a  short  pulse  the  influence  of  anelastic  attenuation  and  scattering 
cannot  be  separated  unless  some  model  for  the  Q  components  is  used.  However,  the  scattered 
energy  represented  by  Qt  is  merely  deflected,  not  lost  from  the  wavefield.  Measurements  of  Q 
which  examine  a  substantial  window  in  time  of  the  seismogram,  such  as  coda  Q,  may  include 
some  of  this  energy.  Below  we  present  summaries  of  three  investigations  we  have  carried  out  or 
are  carrying  out  that  measure  Q  in  different  ways.  The  first  interprets  the  attenuation  of  the 
strong  motion  measure  pseudo  velocity.  Since  an  integration  over  the  duration  of  strong  motion 
is  carried  out  in  this  measure,  the  total  energy  in  the  seismogram  including  scattered  energy  is 


measured.  Our  investigation  explicitly  examines  the  question  of  the  relative  attenuation  due  to 
anelasticity  and  scattering  and  separates  the  contribution  of  each  using  transport  theory.  Since 
the  anelastic  attenuation  has  been  explicitly  separated,  we  include  discussion  of  possible  physical 
mechanisms.  The  second  investigation  examines  the  Rg  phase  (fundamental  mode  Rayleigh  wave) 
in  the  frequency  range  1-10  Hz  at  distances  of  10-30  km.  This  is  a  pulse  measurement  and  equation 
(2)  should  apply,  i.  e.,  the  total  Q  represents  the  combined  effect  of  anelasticity  and  attenuation 
without  separating  them.  Finally  we  discuss  the  implications  of  some  previous  measurements  of 
coda  Q.  While  this  method  has  become  a  standard  method  of  measuring  Q,  the  interpretation  of 
the  results  has  not  been  clear. 


RESEARCH  ACCOMPLISHED 


Attenuation  of  Pseudo  Velocity  and  Intrinsic  Q 


The  first  part  ot  the  work  summarised  in  this  section  is  an  interpretation  of  the  attenuation 
of  pseudo  velocity  (PSV)  with  distance  using  the  compilation  of  Risk  Engineering,  Inc.  for  EPRI 
(Toksoz  et  al.,  1987).  These  PSV  records  cover  the  northeastern  United  States  and  eastern  Canada. 
Data  for  frequencies  of  1  and  5  Hz  were  analyzed.  The  theory  used  is  a  multiple  scattering  transport 
(of  energy)  equation  formalism  due  to  Wu  (1984).  The  theory  calculates  the  total  energy  density 
E[r )  observed  at  distance  r  from  a  point  source  in  a  uniform  whole  space.  Since  the  PSV  includes 
an  integration  over  the  duration  of  strong  motion  and  is  a  velocity,  it  was  assumed  that  4 jrr2£(r)  = 
4 xK  -{PSV.r)3  where  the  term  4xr3  corrects  for  spherical  spreading  and  K  is  an  unknown  constant. 
For  this  to  be  justified,  the  range  r  must  be  limited  to  less  than  100  km  so  that  Moho  interactions  can 
be  excluded.  The  theory  requires  that  two  parameters  be  specified.  One  is  the  extinction  coefficient 
rje  =  u/(Qtv),  or  equivalently  its  reciprocal  the  extinction  length  Lt  =  l/rje.  The  other  parameter 
is  the  albedo  Bo  —  gji]t  where  g  is  the  turbidity  introduced  in  connection  with  equation  (2).  Thus 
low  albedo  corresponds  to  weak  scattering  and  high  albedo  to  strong  scattering.  The  range  of 
albedo  is  0  <  Bo  <  1.  A  determination  of  these  two  parameters  would  allow  a  determination  of  Qt, 
Q.  (through  g)  and,  by  (2),  Q,. 


The  expression  for  E(r)  for  a  source  of  unit  energy  is 

E (r)  =  exp(-fj( dr)  +  ^  /(«,  B0)  exp (-qers)ds 


where 


and 
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tanh-1(l/a) 


+ 


2dz(l  -  J2) 
Bq(cP  +  Bq  -  1) 


(3) 

(4) 


1 


(5) 


0  100  200  300 

DISTANCE  (km) 


Figure  1:  Match  between  the  multiple  scattering  model  (chained  curve)  and  PSV  data  at  1  Hz.  All 
curves  labeled  ‘PSV’  are  based  on  a  best  fit  of  the  data.  Appropriate  PSV  curve  for  matching  is 
(PSV  •  R/10)J  in  the  range  10-100  km. 

where  d  is  the  solution  of 


Figure  1  shows  a  fit  of  data  at  1  Hz  to  equations  (3-6).  Table  1  gives  the  parameters  used  to 
fit  both  the  1  Hz  and  5  Hz  data.  The  results  shown  in  Table  1  represent  our  first  effort  to  separate 
the  effects  of  scattering  and  anelastic  attenuation.  While  they  cannot  necessarily  be  compared 
directly  with  the  Rg  and  coda  results  presented  below  because  the  same  seismic  phases  may  not  be 
involved,  they  give  some  strong  clues  as  to  the  proper  interpretation  of  these  results.  If  the  values 
given  in  Table  1  are  used  in  equation  (2)  then  the  effect  of  scattering  will  dominate  the  attenuation. 
This  appears  to  be  the  case  for  the  Rg  measurements  presented  next,  where  the  values  of  Q  are 
similar  to  the  values  of  Q,  in  Table  1,  particularly  at  1  Hz.  At  present  we  cannot  assess  the  depth 
dependence  in  our  analysis.  An  important  result,  however,  of  this  analysis  is  the  finding  that  Qt 
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Table  1:  Results  from  PSV  Analysis. 


Parameter 

/  =  1  Hz 

/  =  5  Hz 

U 

15  km 

15  km 

Bo 

0.9 

0.9 

9 

0.06  km'1 

0.06  km'1 

Q» 

30 

150 

Qi 

270 

1350 

given  by  equation  (2)  is  not  the  appropriate  quantity  to  define  attenuation  if  the  albedo  is  high 
and  the  total  energy  in  the  ground  motion  is  considered  (equation  (3)).  This  seems  to  be  reflected 
in  the  coda  Q  in  the  study  region,  since  the  values  are  more  typical  of  the  anelastic  attenuation  Qi 
in  Table  1. 

Since  the  anelastic  Q,-  has  been  isolated  and  determined  by  the  analysis  above,  as  a  second  part 
of  the  study  an  interpretation  of  Qi  in  terms  of  physical  mechanisms  has  been  made  (Toksoz  el  ai, 
1987).  Two  physical  mechanism  were  considered,  a  constant  Q  due  to  solid  anelasticity  and  the 
effects  of  fluid  flow  which  will  produce  a  frequency  dependent  Q.  To  reproduce  the  values  of  Q,  in 
Table  1  a  constant  Q  between  500  and  2000  must  be  considered  along  with  porosities  of  the  order 
of  1%  and  permeabilities  of  about  100  darcies,  values  typical  of  fractured  rocks.  An  interesting 
result  is  that  for  frequencies  /  greater  than  1  Hz,  the  fluid  flow  theory  gives  Q  oc  / 06 ,  similar  to 
the  coda  Q  observations. 


Attenuation  of  Rg 


The  data  set  used  consists  of  recordings  of  blasts  for  a  refraction  experiment  in  southeastern 
Maine  conducted  by  the  USGS  (Doll  et  a L,  1986).  The  largest  phase  from  these  near  surface 
sources,  and  hence  the  phase  with  the  peak  amplitude,  is  Rg,  the  fundamental  mode  Rayleigh 
wave.  The  frequencies  observed  on  the  records  for  Rg  are  1-10  Hz.  The  Q  is  calculated  by  the  two 
station  method.  First  the  attenuation  coefficient  7(0/)  is  calculated  as 


7(w)  = 


y/rjU(ri,uj) 

yr7Cf(n,w) 


(7) 


where  r\  and  rj  are  the  source-receiver  distances  for  two  records  whose  Fourier  transforms  are 
U(ri,u)  and  £f(rj,w).  Since  the  spectrum  window  contains  the  entire  Rg  wave  train,  there  is 
no  correction  for  dispersion.  The  total  Qt  in  the  sense  of  equation  (2)  may  be  calculated  from 
Qt  =  w/(27v). 


When  the  measurements  were  examined,  there  appeared  to  be  differences  between  Q  values 
obtained  along  and  across  the  local  Appalachian  strike.  In  Figure  2  we  show  averages  of  the  Q 


across  and  along  strike.  Note  that  Q  is  low  in  both  cases,  between  60  and  20.  These  values  explain 
the  rapid  disappearance  of  this  phase  with  distance.  They  are  substantially  lower  than  the  values 
derived  by  Pulli  (1984)  from  coda  discussed  below:  Pulli  obtained  a  Q  of  460  at  1  Hz,  increasing  with 
frequency.  While  it  is  not  possible  to  separate  <3*  into  Q,  and  Q,,  results  presented  in  the  previous 
section  suggest  that  scattering  is  important,  although  Q,-  is  probably  also  low,  as  discussed  below. 
These  Q  values  refer  to  the  upper  2  km  of  the  crust.  Azimuthal  variation  of  Rg  group  velocity 
has  already  been  noted  in  the  data  set  we  are  using  (Kafka  and  Reiter,  1986):  Rg  is  fast  along 
strike  (SW-NE)  and  slow  across  strike.  In  Figure  2  we  see  that  attenuation  of  frequencies  above 
3  Hz  is  stronger  across  strike  than  along  strike.  This  may  explain  the  common  observation  that 
isoseismal  contours  are  often  elongated  along  the  structural  strike,  since  these  higher  frequencies 
are  important  in  shaking. 


Coda  Q 


In  this  section  we  briefly  discuss  results  obtained  by  Pulli  (1984)  on  coda  Q,  Qc,  in  the  north¬ 
eastern  United  States.  Since  this  work  is  in  the  literature,  we  quote  the  following  results:  for  codas 
at  times  less  than  100  sec  after  origin 


Qc  =  140/°  95 


(8) 


while  at  times  longer  than  100  sec 

Qe  =  660/°  4  (9) 

In  interpreting  these  results,  there  has  always  been  a  question  as  to  the  correspondence  of  Qc  to 
other  measures  of  Q.  The  depth  relationships  are  not  known — it  is  commonly  assumed  that  Qc 
is  some  form  of  average  over  the  whole  crust.  In  the  standard  single  S  scattering  theory  used  to 
interpret  coda,  Qe  =  Qt  for  S  waves  in  equation  (2).  On  the  other  hand,  in  the  limit  of  strong 
scattering  Qe  =  Q,.  Our  results  in  previous  sections  indicate  that  for  times  greater  than  100  sec, 
Qe  —  Qi,  since  the  values  are  approximately  equal.  Also,  the  investigation  of  Q  due  to  fluid  flow  in 
fractured  rocks  gives  a  similar  frequency  dependence,  suggesting  a  possible  mechanism.  The  results 
for  coda  Q  are  important  because  it  is  an  easy  measurement  to  make  with  routinely  available  data. 


DISCUSSION  AND  CONCLUSIONS 


Our  studies  of  scattering  and  anelastic  attenuation  with  distance  at  frequencies  of  1-10  Hz 
indicate  that  the  relative  effect  of  scattering  is  strong.  The  result  of  this  is  a  complex  interplay 
between  the  type  of  measurement  made  and  the  appropriate  attenuation  relation.  Measurements 
of  quantities  such  as  pulse  amplitude  will  feel  the  full  force  of  scattering  attenuation  and  will 
decay  rapidly  with  Qt  dominated  by  scattering.  Measurements  such  as  coda  will  decay  less  rapidly 
because  some  of  the  scattered  energy  is  included.  A  crucial  parameter  in  the  description  of  these 
effects  is  the  albedo,  which  is  the  ratio  of  attenuation  due  to  scattering  to  total  attenuation.  In  New 
England  we  found  an  albedo  of  0.9,  indicating  the  importance  of  scattering.  This  strong  scattering 

I 


1  5b 


means  that  coda  Q  is  probably  most  closely  identified  with  anelastic  Q ;  the  frequency  dependence 
suggests  that  fluid  flow  in  fractured  crustal  rock  is  a  possible  mechanism. 


Laboratory  data  and  observations  made  in  the  boreholes  help  to  achieve  an  understanding  of 
the  physical  mechanisms  contributing  to  the  attenuation  of  seismic  waves  at  regional  distances. 
Laboratory  measurements  of  attenuation  in  “wet”  rocks  give  relatively  low  intrinsic  Q  (Q  <  200) 
even  at  pressures  of  2  kb,  and  do  not  indicate  that  Q  values  would  increase  significantly  with 
pressure.  A  primary  mechanism  for  this  attenuation  is  the  friction  along  grain  boundaries  and 
microcracks  (Walsh,  1966;  Toksoz  and  Johnston,  1981).  Recent  studies  indicate  that  in  “wet” 
rocks  microcracks  heal  at  pressures  of  about  2  kb  and  temperatures  of  400°C  (Smith  and  Evans, 
1984).  Thus,  microcracks  would  not  contribute  to  attenuation  in  the  crust  below  about  5  km  depth, 
and  intrinsic  Q  below  this  depth  is  likely  to  be  very  high  (Q  >  1000). 

Data  from  well  drilled  in  crystalline  rocks  shows  the  presence  of  both  minor  and  major  fractures. 
The  fluid  flow  in  such  fractures  can  contribute  significantly  to  attenuation  and  give  a  frequency 
dependent  Q  (Toksoz  et  al.,  1987).  Above  the  critical  frequency  (which  could  be  as  low  as  1  or  2 
Hz) ,  Q  is  proportional  to  the  square  root  of  frequency.  These  same  factors  and  other  heterogeneities 
may  also  enhance  scattering,  especially  of  a  surface-bound  phase  such  as  Rg. 

With  all  these  mechanisms  included,  an  attenuation  model  for  the  crust  can  be  summarized  as: 

1.  At  shallow  depth  (h  <  5  km)  low  intrinsic  (anelastic)  Q  with  frequency  dependence  of  /°  6. 
A  typical  value  would  be  Q  =  200/°  5 .  Scattering  is  probably  also  important  in  this  region. 

2.  In  the  lower  crust  high  anelastic  Q  ( Qo  >  1000).  The  influence  of  scattering  remains  to  be 
determined  in  this  region. 


These  values  are  consistent  with  models  proposed  by  Campillo  et  al.  (1985)  for  frequency 
dependent  attenuation  in  the  crust  in  central  France  based  on  Lg  waves. 
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COMPARISON  OF  REGIONAL  AND  NEAR-FIELD  SOURCE  PARAMETERS  FOR  NTS 
EXPLOSIONS  AND  REGIONAL  DISTANCE  BODY  WAVES  FOR  EURASIAN  TRAVEL- PATHS 
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University  of  Arizona 


OBJECTIVE 

One  of  the  main  consequences  of  decreasing  the  yield  limit  in  a 
threshold  test  ban  is  the  increased  reliance  on  regional-distance 
seismograms  for  monitoring  purposes.  Most  schemes  for  determining  the 
yield  at  regional  distances  are  based  on  measuring  the  amplitude  of 
phases  such  as  Pn  or  Lg.  It  is  extremely  important  to  a  TTBT  to 
understand  the  nature  of  propagation  of  these  phases  in  different 
regions,  as  well  as  possible  sources  of  bias  such  as  tectonic  release. 
We  have  continued  to  study  the  effects  of  tectonic  release  on  regional 
distance  waveforms  and  tying  near  and  regional-distance  source 
parameters  together.  We  have  also  began  studying  the  propagation  of 
regional  phases  along  Eurasian  travel  paths. 

RESEARCH  ACCOMPLISHED 

Nearfield  modeling  of  HALFBEAK  The  teleseismic  representation  of 
the  tectonic  release  for  most  of  the  Pahute  Mesa  explosions  are 
inconsistent  with  the  near-field  tangential  recordings,  in  general,  the 
near-field  records  are  much  more  complicated  than  expected  and  smaller 
in  amplitude.  We  feel  that  to  complete  our  understanding  of  tectonic 
release  we  must  develop  a  single  model  to  explain  tangential  motions 
over  the  entire  range  of  observation.  We  have  modeled  the  nearfield 
recordings  from  HALFBEAK  (6/30/66,  announced  yield  of  300  kt).  Figure  1 
shows  the  tangential  recordings  from  HALFBEAK  and  synthetics  generated 
for  a  distributed  shear  dislocation  source.  The  velocity  structure  that 
was  used  for  the  synthetics  is  that  determined  by  Barker  et  al.  (1985). 
Green's  functions  were  computed  with  Kennet-Bouchen  numerical 
integration.  The  source  orientation  for  the  shear  dislocations  was 
determined  by  a  constrained  moment  tensor  inversion.  It  was  assumed 
that  the  orientation  was  strike-slip,  and  the  tangential  waveforms  were 
inverted  for  strike.  The  resulting  value,  &  =  N7®E,  is  consistent  with 
larger  Pahute  Mesa  events  studied  teleseismically  (Wallace  et  al.,  1985; 
1986).  The  inversion  produced  a  stable  estimate  of  strike,  but  the 
quality  of  fit  to  the  waveforms  was  quite  poor.  Since  the  near-field 
recordings  are  only  2-4  times  the  depth  of  burial  (d  =  815  m),  tectonic 
release  from  a  distributed  source  will  produce  a  very  complicated 
interference  pattern.  In  an  attempt  to  simulate  this  effect  we  placed 
16  point  sources  (of  equal  moment,  the  total  of  which  was  determined  by 
the  moment  tensor  inversion)  about  the  working  point  at  the  distance  of 
1  elastic  radius  (given  by  Archambeau,  1972,  and  a  stress  drop  of  100 
bars).  Although  the  fit  in  figure  1  is  not  perfect,  it  does  offer  a 
reasonable  explanation  for  the  data.  In  the  next  step  we  plan  to  use 
this  model  for  tectonic  release  to  fit  the  vertical  and  radial  near¬ 
field  observations. 


We  have  also  compared  the  values  determined  for  jk  from  near-field 
data  to  those  determined  by  moment  tensor  inversion  of  broadband 
regional  data.  Using  McEvilly  and  Johnson's  (1986)  RDPs  for  Chancellor 
and  Harzer  we  calculated  a  value  for  'T^o  by  fitting  a  Mul ler-Murphy 
source.  Using  the  Livermore  National  Laboratory's  regional  network  we 
inverted  the  Pn  and  Pnl  wavetrains  in  the  frequency  band  .1  to  1  Hz  to 
obtain  the  regional  estimate  for .  The  results  are  summarized  in 
table  1.  In  both  cases  the  vaule  of  •'&,  in  the  near-field  is 
significantly  smaller  than  that  determined  regionally. 

Regional  distance  propagation  in  China  Regional  distance 
waveforms  are  strongly  effected  by  the  path  of  propagation.  Although 
attenuation  is  the  factor  which  varies  most  widely,  structure  can  cause 
dramatic  effects,  such  as  "blockage"  of  particular  phases.  The  digital 
network  which  was  deployed  in  1986  in  China  (CDSN,  see  figure  2),  and 
started  supplying  data  to  the  GDSN  in  1987  has  been  used  to  study  Pn  and 
Pnl  propagation  across  China.  Calibration  of  the  travel  path  effects 
are  very  important  here  not  only  becasue  of  the  proximity  to  Several 
Soviet  test  sites,  but  also  the  stations  are  idealy  situated  to  study 
earthquakes  from  the  Hindu  Kush-Tien  Shan  region.  We  have  identified 
seven  events  between  1970-1978  in  the  Pamir  region  which  had  anomalous 
m^j/Mg  ratios  (these  events  do  not  fall  in  the  explosion  population,  but 
they  are  significantly  above  the  mean  of  the  earthquake  population). 
Since  these  events  are  enriched  in  high  frequencies  we  have  compared  the 
path  "signatures"  with  more  normal  events. 

Also  shown  on  figure  2  is  a  regionalization  of  the  southern  part  of 
China  and  crustal  thickness  and  Pn  values  we  have  determined  using  the 
methodology  of  Wallace  (1986).  It  is  assumed  that  the  average  crustal 
thickness  and  Pn  velocity  of  a  given  path  is  the  sum  of  the  percentage 
of  travel  path  in  a  given  block  multiplied  by  the  thickness  of  the  Pn 
velocity  of  that  block.  The  blocks  were  chosen  on  the  basis  of  surface 
geology.  The  results  shown  in  figure  2  are  from  12  events  recorded  at  6 
stations  (26  travel  paths). 

CONCLUSIONS  AND  RECOMMENDATIONS 

Near-field  modeling  continues  to  provide  detailed  inofrmation  not 
only  about  the  isotropic  part  of  explosions  but  also  the  nature  of 
tectonic  release.  Much  more  work  needs  to  be  done  tying  the  near-field 
work  to  regional  distance  observations.  We  intend  to  model  RULSION  AND 
GASBUGGY  (using  Murphy  et  al.,  1986  as  a  starting  point)  in  the  next 
year.  Regionalization  of  China  for  Pn  and  Pnl  propagation  will 
continue,  and  we  also  be  investigating  the  presence  of  a  well  developed 
high  velocity  zone  at  mid  crustal  depth  for  the  southwest  Chinese  paths. 
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TABLE  1 

Comparison  of  near-field  and  regional  distance  source  parameters 
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Figure  1:  A  comparison  of  the  observed  and  synthetic  nearfield  records 
form  HALFBEAK.  Top  trace  is  the  observed  velocity.  The  synthetics  were 
calculated  with  a  distributed  shear  dislocation  source. 


164 


50 


U.  S.  S.  R. 


m 


5L 


40 


30 


20 


Figure  2:  Regionalization  of  the  .gross  crustal  structural  of  western  China. 
The  numbers  in  the  blocks  are  crustal  thickness  in  km  and  Pn  velocity. 


SPECIAL  SESSION  ON  DARPA  SMALL  ARRAY  PROGRAM 


Organized  by  Thomas  C.  Bache 
Science  Applications  International  Corporation 

The  objective  of  the  DARPA  small  array  program  is  to  demonstrate  the  capability  for  monitor¬ 
ing  nuclear  testing  of  a  network  of  seismic  arrays  spaced  at  regional  distances.  The  program 
involves:  (1)  Installation  of  arrays  specifically  designed  for  this  task;  (2)  New  analysis  pro¬ 
cedures  to  fully  exploit  the  data;  (3)  Communications  and  computing  facilities  to  collect  and 
process  die  data.  NORESS  has  demonstrated  the  great  potential  of  the  small  arrays  and  addi¬ 
tional  arrays  are  planned.  To  fully  exploit  the  data,  a  computer  system  incorporating 
knowledge-based  systems  technology,  together  with  advanced  signal  processing  and  computer 
graphics  technology,  is  being  developed  on  a  distributed  network  of  SUN  Workstations  and  an 
Alliant  computer  of  die  mini-supercomputer  class.  The  system  is  designed  to  analyze  data 
from  a  network  of  NORESS-type  arrays  and  is  being  developed  by  a  four-company  team 
including  SAIC  (prime  contractor),  Advanced  Decision  Systems  (ADS),  Ensco  and  Tek- 
nowledge.  The  complete  system  (hardware  and  documented  software)  is  to  be  delivered  to  the 
Center  for  Seismic  Studies  in  March,  1989. 

This  session  will  feature  talks  by  several  speakers,  including  Ralph  Alewine  (DARPA),  Tom 
Bache  (SAIC),  and  Doug  Baumgardt  (Ensco).  Dr.  Alewine  will  describe  the  DARPA  objec¬ 
tives  for  this  program  and  projects  now  underway  or  being  planned  to  accomplish  these  objec¬ 
tives.  Dr.  Bache  is  the  manager  of  die  analysis  system  development  program  and  will  describe 
the  overall  design  of  this  system  and  the  plan  for  developing  it  He  will  also  describe  key 
features  of  the  system  being  developed  by  SAIC  and  ADS.  Dr.  Baumgardt  will  describe  key 
features  of  those  elements  being  developed  by  Ensco  and  Teknowledge.  Experienced  human 
analysts  now  interpret  seismic  data  far  better  than  automated  procedures.  The  emphasis  in  the 
development  is  on  the  exploitation  of  knowledge-based  or  ‘expert’  system  technology  to  close 
or  eliminate  this  gap.  Other  major  elements  of  the  system  include  the  user-interface  for  acquir¬ 
ing  knowledge  and  adding  it  to  the  system,  seismological  signal  processing  for  extracting 
knowledge  from  the  data,  and  extensive  computer  graphics  for  displaying  the  results  of  the 
processing. 

A  major  theme  of  the  talks  describing  the  system  is  that  its  advent  poses  some  new  research 
problems  for  seismology  and  changes  the  context  for  some  old  problems,  like  the  development 
of  signal  processing  algorithms.  The  version  to  be  delivered  in  two  years  will  be  far  from 
complete  in  the  seismological  knowledge  it  embodies  and  in  the  techniques  being  used  to 
extract  useful  information  from  seismic  signals.  Therefore,  an  important  goal  is  that  the 
software  and  hardware  architecture  be  designed  to  facilitate  evolution  and  improvement 
Further,  this  system  is  intended  to  serve  as  a  test-bed  for  new  developments,  and  tterefore  help 
focus  research  on  the  most  relevant  issues. 


A  KNOWLEDGE-BASED  SYSTEM  FOR  ANALYZING  DATA  FROM  A  NETWORK  OF 

NORESS-TYPE  ARRAYS 


Thomas  C.  Bache 

Science  Applications  International  Corporation 
10210  Campus  Point  Drive,  San  Diego,  CA  92121 

INTRODUCTION 

The  NORESS-type  arrays  provide  new  opportunities  and  challenges  for  test-ban-treaty  monitor¬ 
ing  seismology.  The  emphasis  is  on  regional  monitoring,  and  skilled  analysts  of  regional  data 
make  extensive  use  of  knowledge  of  distinctive  signal  characteristics  to  help  recognize  and 
time  regional  phases  to  locate  and  identify  events.  Also,  the  treaty  monitoring  application 
requires  consistency,  reliability  and  accuracy  far  beyond  that  required  of  networks  for  monitor¬ 
ing  earthquake  seismicity.  These  problem  features  motivate  the  need  for  a  new  computer  sys¬ 
tem  to  automate  the  processing  and  rake  advantage  of  seismological  knowledge,  much  of  it 
region-specific,  to  analyze  the  data.  The  need  is  not  new,  but  a  number  of  developments  in 
seismology  and  computer  sciences  make  this  an  auspicious  time  for  a  major  program  to  imple¬ 
ment  such  a  system  for  treaty  monitoring. 

The  major  developments  include  the  deployment  of  the  NORESS-type  arrays  with  real-time 
satellite-link  transmission  of  digital  data  to  a  central  analysis  facility  and  the  demonstration  by 
the  NORSAR  staff  that  a  bulletin  of  reasonable  quality  can  be  produced  automatically  from 
these  data  (Mykkeltveit  and  B  ungum,  1984).  Another  major  development  is  that  knowledge- 
based  (‘expert’)  systems  technology  is  now  sufficiently  mature  that  we  can  be  confident  that  it 
can  give  results  significantly  better  than  can  be  obtained  with  more  traditional  methods.  The 
DARPA  workstation  program  has  also  matured  and  provides  technology  for  important  com¬ 
puter  graphics  and  seismologist  interface  elements  of  die  system.  Finally,  current  levels  of 
cost/performance  for  computer  hardware  essentially  eliminate  computer  speed  as  a  significant 
limitation  on  die  choice  of  processing  procedures. 


DESIGN  GOALS 

The  design  goals  fall  into  four  somewhat  overlapping  categories:  (1)  Operational  capabilities  of 
the  delivered  system;  (2)  Capability  to  evolve,  improve,  and  expand;  (3)  Technology  demons¬ 
tration;  (4)  Test-bed  for  future  research.  The  initial  implementation  is  designed  for  analyzing 
the  dam  from  two  arrays,  but  the  hardware/ software  architecture  anticipates  expansion  to  han¬ 
dle  more  arrays  and/or  single  sensor  stations.  The  system  is  to  take  maximum  advantage  of 
knowledge  gained  from  the  data,  and  to  include  the  capability  to  efficiently  acquire  and  add  die 
necessary  knowledge.  Design  goal  (4)  is  perhaps  most  important  for  the  DARPA  research 
community.  It  is  motivated  by  the  perception  that  evaluation  of  new  concepts  has  been  limited 
by  inmtaqnat*  capability  to  test  them  under  realistic  conditions.  This  system  is  to  be  a  test-bed 
to  provide  that  capability  in  two  ways.  First,  the  software  (and  hardware)  design  emphasizes 
modularity,  anticipating  piecewise  replacement  or  upgrading.  Second,  die  system  will  have  the 
capability  for  simultaneous  processing  of  multiple  data  streams  (which  could  be  identical),  so 
testing  of  new  modules  can  be  done  without  compromising  the  capability  for  operational  pro¬ 
cessing  of  the  incoming  real-time  data. 


SYSTEM  CONCEPT 


Experienced  human  analysts  are  much  better  than  existing  computer  systems  for  analyzing 
seismic  data,  not  so  much  for  detecting  isolated  signals  (for  arrays,  automatic  detectors  are 
probably  just  as  good  or  better  than  humans  when  many  beams  are  formed),  but  for  interpret¬ 
ing  the  data  in  its  full  context  The  human  analyst  uses  heuristics  developed  with  experience 
and  qualitative  features  of  the  data  such  as  the  envelope  shape  and  duration.  Signals  that 
would  not  be  detected  in  isolation  are  detected  because  their  presence  is  suspected  from  other 
evidence.  Analysts  become  much  more  proficient  as  they  gain  experience  with  the  character  of 
signals  in  particular  areas.  The  goal  is  to  match  or  surpass  this  human  performance,  partly  by 
emulating  the  human  thought  process,  but  also  by  exploiting  the  superior  performance  of  com¬ 
puters  for  some  tasks.  The  most  difficult  skill  to  emulate  is  the  exceptional  human  ability  to 
recognize  waveform  patterns  in  the  presence  of  varying  noise,  and  there  appear  to  be  no  reli¬ 
able  techniques  for  doing  so  now.  However,  there  are  many  proven  techniques  for  extracting 
useful  information  from  discrete  waveform  segments  selected  by  die  triggering  of  a  seismic 
detector.  The  NORSAR  RONAPP  program  (Mykkeltveit  and  Bungum,  1984)  is  based  on  this 
and  applies  a  few  simple  rules  (implemented  in  FORTRAN)  to  identify  Pn  and  Lg  phases 
which,  together  with  an  azimuth  estimate,  provide  an  event  location. 

The  knowledge-based  system  design  builds  on  traditional  seismological  algorithms  for  detec¬ 
tion  and  post-detection  processes  (e.g.,  f-k  spectrum,  Fourier  spectrum,  polarization,  etc.). 
Attributes  of  the  detections  are  used  together  with  knowledge  about  regional  signal  characteris¬ 
tics  to  deduce  the  solution.  Knowledge  is  used  in  two  ways,  characterized  as  model-based  and 
case-based  reasoning.  The  former  involves  rule-based  knowledge  representation  and  reasons 
from  signal  detections  to  a  location  solution  by  exploring  hypotheses  about  the  identification 
and  association  of  detected  signals.  The  case-based  reasoning  uses  knowledge  represented  by 
scripts  and  is  especially  effective  for  identifying  events  that  are  similar  to  events  seed  previ¬ 
ously  (this  portion  of  the  design  will  be  discussed  by  Dr.  Baumgardt). 

The  top  level  data  flow  design  is  shown  in  Figure  1.  The  seismological  signal  processing  com¬ 
putations  (detection  and  post-detection)  are  done  on  an  Alii  ant  FX/8.  This  machine  is 
networked  (Ethernet  and  Sun  Network  File  System)  with  six  Sun  workstations  for  the 
knowledge-based  processing  (called  event  processing  in  die  figure),  the  graphics,  and  the  user 
interfaces.  The  user  interface  includes  two  parts.  The  analyst  review  node  has  elaborate 
waveform  display  and  interaction  capabilities  to  facilitate  analyst  review  of  solutions  deter¬ 
mined  by  the  system.  Seismologist  review  is  for  knowledge  acquisition  and  for  updating  and 
testing  the  knowledge  base.  The  capability  for  parallel  processing  of  test  date  sets  is  an  impor¬ 
tant  feature  under  control  of  the  ‘seismologist’.  The  most  challenging  problem  in  the  system 
development  is  implemention  of  a  knowledge  acquisition  interface  that  allows  a  seismologist  to 
alter  and  expand  die  knowledge  base  efficiendy  and  effectively. 

The  implementation  concept  is  to  evolve  through  a  series  of  prototypes  of  increasing  func¬ 
tionality  and  software  maturity.  Some  elements  of  the  system  are  well-understood  (particularly 
the  seismological  signal  processing  and  the  interactive  display  of  digitized  maps),  and  tradi¬ 
tional  software  design -develop- test  methods  can  be  used  to  implement  them.  On  the  other 
hand,  many  elements  of  the  knowledge-based  processing  (particularly  the  knowledge  acquisi¬ 
tion  interface)  are  only  understood  conceptually.  Also,  there  are  key  areas  where  human 
(seismological)  expertise  is  inadequate;  for  example,  in  the  estimation  of  source  depth  and  in 
event  classification  (earthquake,  chemical  explosion  or  nuclear  explosion)  with  regional  data. 


V' 


Figure  l  The  major  functions  are  shown  with  the  major  classes  of  data  objects  (enclosed 
by  horizontal  lines)  passing  between  them.  The  hardware  design  maps  closely  to 
this  data  flow  diagram,  with  each  of  the  functions  numbered  1  to  6  having  a 
machine  dedicated  to  it  (the  map  graphics  functions  4.1  and  4.2  each  have  a  Sun 
workstation). 
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KNOWLEDGE-BASED  SYSTEM  DESIGN 


la  this  paper  we  can  only  sketch  the  KBS  design.  The  major  steps  in  the  logic  flow  are  indi¬ 
cated  in  Figure  2.  Single  array  location  solutions  are  formed,  and  these  are  then  combined  to 
form  the  network  location.  The  emphasis  of  the  processing  is  on  the  latter,  since  detections 
from  another  array  easily  resolve  ambiguities  that  are  very  difficult  to  resolve  with  the  data 
from  a  single  array.  The  initial  input  to  the  KBS  is  a  list  of  signal  detections  and  attributes 
(e.g.,  phase  velocity,  azimuth,  etc.)  from  each  station.  In  the  initial  phase  identification  step, 
rules  are  applied  to  tentatively  classify  the  signals  as  P,  S,  teleseism,  or  noise,  with  phase  velo¬ 
city  being  die  most  powerful  classifier.  The  next  step  is  to  group  phases  that  appear  to  be 
from  the  same  event,  primarily  using  time  separation  and  azimuth  consistency.  The  grouping 
is  then  examined  for  consistency  with  the  assumption  that  only  a  single  event  contributed 
phases  to  the  group  (e.g.,  a  high  confidence  P  occuring  after  a  high  confidence  S  indicates  at 
least  two  events).  When  inconsistencies  are  found,  the  system  'backtracks*  and  regroups  the 
phases.  At  the  phase  association  step,  region-specific  knowledge  is  applied  to  identify  the 
phases  as  Pn,  Pg,  etc.,  which  leads  immediately  to  a  location  estimate  and  associated 
confidence  bounds  (Bran  and  Bache,  1987). 

The  logic  for  combining  single  array  solutions  to  obtain  the  network  location  can  be  viewed  as 
an  expert  system  implementation  of  automatic  association  extended  to  a  network  of  regional 
arrays.  The  process  is  driven  by  the  location  estimate  from  the  array  that  is  apparently  closest 
to  the  event  (earliest  P  detection),  and  works  outward,  searching  for  corroborating  detections  or 
phases  from  other  stations.  Inconsistencies  cause  the  system  to  backtrack  to  revise  earlier 
hypotheses  about  phase  association  or  identification.  The  inference  procedure  for  the  network 
location  is  rather  complex  and  includes  reinitiation  of  signal  processing  ('recall  processing’) 
when  there  is  evidence  that  it  may  provide  important  information.  In  KBS  terminology  the 
control  strategy  for  the  inference  from  detections  to  a  network  location  estimate  may  be  charac¬ 
terized  as  a  heuristic  depth-first  search  of  multiple  hypotheses  with  knowledge-based  backtrack¬ 
ing  which  fulfills  truth  maintenance  requirements. 

The  next  step  is  the  final  consistency  test  where  we  check  for  consistency  with  expected  signal 
characteristics  for  events  in  the  vicinity  of  the  estimated  location.  Up  to  this  point  the  control¬ 
ling  attributes  are  expected  to  be  robust  signal  features  such  as  arrival  time,  velocity,  and 
azimuth  of  detected  phases,  with  other  attributes  taking  a  secondary  role.  But  once  we  have  a 
tentative  location  hypothesis,  we  can  test  it  against  more  subtle  data  features  and  patterns  of 
features.  This  suggests  case-based  reasoning  and  will  be  described  by  Dr.  Baumgardt  If 
inconsistencies  are  found,  the  system  backtracks  to  make  appropriate  revisions.  Note  that 
arrival  times  and  azimuths  from  multiple  arrays  powerfully  constrain  the  solution,  so  it  would 
be  rare  to  reject  a  multiple  array  solution  at  this  step.  However,  we  expect  many  events  to  be 
detected  by  only  a  single  array,  and  for  these  the  case-based  reasoning  provides  a  basis  for 
resolving  ambiguities  that  cannot  be  resolved  otherwise. 

In  event  characterization  we  collect  the  evidence  needed  to  identify  the  event.  The  case-based 
reasoning  plays  a  key  role  here,  especially  for  mine  blasts  which  are  a  dominant  part  of  the 
seismicity  in  many  areas.  This  step  also  involves  the  refinement  of  location  estimates  (e.g., 
master  event)  and  initiation  of  signal  processing  tasks  for  event  identification.  The  final  step  is 
event  identification  and  involves  rule-based  reasoning  to  classify  the  event 


Figure  2  The  m^jor  steps  in  the  logic  flow  of  the  KBS  are  shown,  starting  with  initial 
phase  identification  at  the  lower  left  and  ending  with  event  identification.  Signal 
attributes  are  input  to  the  KBS  and  used  throughout  At  several  steps  the  KBS 
can  reinitiate  signal  processing,  and  this  is  indicated  by  arrows  extending  outside 
the  dashed  line  encompassing  the  KBS. 
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IMPLEMENTATION  PLAN 


The  development  cycle  is  two  years,  and  the  completed  system  is  to  be  transferred  to  the 
Center  for  Seismic  Studies  in  March,  1989.  It  will  evolve  through  three  major  versions.  This 
plan  is  motivated  by  die  fact  that  there  are  many  elements  of  the  system  that  cannot  be 
confidently  designed  in  detail  until  we  gain  more  experience  with  processing  data  in  this  kind 
of  environment.  Thus,  the  first  version  (September,  1987)  has  the  integrated  functionality  to 
exercise  the  KBS  to  leam  what  knowledge  and  knowledge  acquisition  procedures  appear  to  be 
most  effective.  Experience  with  this  version  is  vital  for  completing  the  design  of  the 
knowledge  acquisition  interface.  The  second  version  (March,  1988)  is  a  better  integrated  and 
more  complete  version  of  the  first,  particularly  in  the  graphics  display  capabilities.  The  major 
functionality  to  be  added  in  the  second  year  is  for  knowledge  acquisition,  but  the  system  will 
be  improved  and  expanded  in  all  areas.  Careful  attention  to  modem  software  engineering  prac¬ 
tices  is  emphasized  throughout,  with  the  delivered  system  to  be  fully  documented,  tested,  and 
maintainable. 

The  system  is  being  developed  by  a  four-contractor  team,  which  makes  integration  of  concepts 
and  software  unusually  difficult  for  a  system  of  this  size.  Besides  electronic  mail,  the  keys  to 
the  integration  are  early  design  and  implementation  of  the  database  structures  (based  on  an 
extension  of  the  Center  for  Seismic  Studies  relational  database)  and  the  inter-process  communi¬ 
cation  software  (based  on  Unix  sockets  with  a  central  dispatcher). 

IMPLICATIONS  FOR  RESEARCH 

This  system  is  expected  to  change  the  environment  for  research  in  test-ban-treaty  monitoring. 
It  can  efficiently  test  new  concepts  on  large  amounts  of  data.  Perhaps  even  more  important,  it 
provides  a  basis  for  assembling  data  that  are  especially  difficult  to  analyze.  There  are  many 
ways  to  get  the  right  answer  from  the  easy  examples;  what  is  needed  are  new  and  better  ways 
to  deal  with  the  hard  ones.  Our  preliminary  impression  is  that  available  methods  for  detecting 
signals,  computing  their  first-order  attributes  (e.g.,  slowness,  azimuth,  amplitude,  etc.),  and 
locating  events  are  quite  effective.  The  payoff  is  more  in  using  expert  system  technology  to 
exploit  this  information  than  in  marginal  improvements  in  capability  to  extract  it.  However, 
seismological  capability  is  weak  in  several  important  areas,  and  we  need  good  ideas  to  incor¬ 
porate  into  the  KBS.  These  include  techniques  to  estimate  source  depth  from  regional  signals 
and  techniques  for  regional  discrimination.  For  the  latter  we  note  that  any  regional  discrim¬ 
inant  must  take  advantage  of  the  signals  from  a  clandestine  nuclear  explosion  being  ‘different’ 
from  the  signals  due  to  ‘normal’  events.  The  KBS  is  designed  to  collect  and  organize 
knowledge  about  what  is  normal  and  note  the  exceptions,  which  is  a  key  step  toward  a 
regional  discriminant 
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Case-Based  Reasoning  Applied  to 
Regional  Seismic  Event  Characterization 


Douglas  R.  Baumgardt 
Ensco, Inc. 

5400  Port  Royal  Road 
Springfield,  Virginia  22151  -  2388 


Introduction 

The  overall  objective  of  the  NORESS  Intelligent  Array  Processing  program  is  to  fully  exploit 
knowledge  about  seismic  signals  in  regional  array  processing.  The  intent  is  to  develop  a  system  which  is 
revolutionary,  in  that  it  will  represent  a  significant  improvement  in  processing  regional  array  data  for 
testban  treaty  monitoring.  Moreover,  the  system  will  be  evolutionary,  in  that  its  performance  will 
change  and  improve  as  more  knowledge  about  regional  seismic  signals  and  processing  is  acquired  as  part 
of  the  DARPA  seismologies!  research  program. 

Regional  seismograms  have  very  distinctive  envelope  shapes  which  an  analyst  or  seismologist 
easily  recognizes  and  uses  to  identify  specific  regional  phases,  such  as  Pn,  Pg,  Sn,  and  Lg.  Many  skilled 
analysts  and  seismologists  can  in  fact  remember  past  observed  patterns  in  previous  seismic  events  and 
recognize  similar  patterns  in  new  data.  This  capability,  of  course,  degrades  as  the  signal-to-noise  ratio 
decreases.  However,  even  at  high  signal-to-noise  ratios,  no  automated  system  has  yet  been  developed 
which  can  approximate  the  analyst's  capability  for  recognizing  these  distinctive  seismic-signal  shape 
patterns.  The  main  revolutionary  goal  which  we  have  set  is  to  develop  a  knowledge-based  system 
which  can  recognize  signal  patterns  in  data  at  a  level  of  capability  approaching  that  of  a  skilled  and 
experienced  seismic  analyst. 

Currently,  seismic  research  has  focused  extensively  on  nuclear  testban  treaty  monitoring' using 
regional  seismic  data.  It  is  anticipated  that  more  knowledge  will  be  forthcoming  from  the  research 
efforts  in  regional  seismic-event  characteristics  related  to  event  identification.  Thus,  the  evolutionary 
goal  for  our  system  is  that  new  knowledge  about  regional  seismic  events  can  be  easily  incorporated  into 
the  system. 


Case-Based  Versus  Model-Based 
Reasoning  Paradigms 

Most  knowledge-based  systems  fall  under  one  of  two  general  classes,  model-based  and 
case-based  reasoning  paradigms.  In  model-based  reasoning,  it  is  assumed  that  there  exists  a  model  of 
the  application  domain  which  can  predict  all  expected  observations  about  the  domain.  This  model  makes 
predictions  about  expected  obeervatiorts,  based  on  hypothesized  facts  about  the  domain,  and  reaoning  on 
the  truthfulness  of  the  facts  consists  of  comparing  the  predictions  with  observations.  In  essence, 
model-based  reasoning  attempts  to  reduce  a  largo  number  of  observations  down  to  a  smaller  number  of 
knowledge  elements,  such  as  rules,  obtained  from  the  model.  Model-based  solutions  have  only  been 
successful  in  well-understood,  highly  constrained  situations.  Case-based  reasoning  uses  analogic 
reasoning  by  comparing  new  observations  against  past  observations  or  cases.  No  model  for  the  domain 
is  assumed  to  be  known,  and  the  only  knowledge  of  the  domain  is  in  the  form  of  remembered 
observational  cases  and  their  interelationships.  Generally,  the  case  knowledge,  which  is  often 
descriptive  in  nature,  is  represented  in  terms  of  declarative  knowledge  structures,  such  as  schemas, 
frames,  or  scripts,  although  rules  are  not  precluded. 

In  regional  seismology,  model-based  reasoning  would  be  most  appropriate  in  epicenter 
determination,  which  is  based  on  velocity  models  of  the  crust  and  expected  travel  times  of  regional 
phases.  Also,  reasoning  about  phase  identification  can  be  based  on  the  velocity  models,  assuming 
accurate  and  stable  array-parameter  measurements  (apparent  velocity)  can  be  made.  However,  models 
have  been  less  successful  in  predicting  the  waveform  characteristics,  such  as  amplitudes  and 
frequencies,  of  regional  seismic  signals.  Also,  since  regional  seismic- event  identification  is  not  well 
understood,  characterization  of  regional  seismic  waveforms  would  best  be  accomplished  by  reasoning 
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on  the  similarity  of  seismic  observations  from  new  events  to  those  of  previously  observed  cases. 
Moreover,  seismic  analysts  seem  to  recognize  signal  patterns  based  on  their  similarities  to 
prototypical  regional  seismic  patterns  observed  in  the  past,  which  is  case-based  reasoning.  Finally. 
case-based  systems  are  designed  to  learn  as  more  observations  are  acquired,  based  on  analogies  of  the 
incoming  patterns  to  those  seen  before.  Thus,  we  are  currently  designing  a  case-based  signal 
recognition  system  for  the  event-characterization  part  u!  the  system. 

Knowledge  Representation 

There  are  three  genera)  requirements  of  an  effective  knowledge-representation  scheme: 

(1)  Completeness  -  All  the  knowledge  of  the  domain  must  be  incorporated. 

(2)  Flexibility  -  It  must  be  possible  to  modify  the  knowledge  easily. 

(3)  Expandability  -  Aquisition  of  new  knowledge  must  be  facilitated. 

The  basic  knowledge-representational  forms  we  are  using  for  representing  knowledge  about 
regional  seismic  cases  are  called  scripts.  Scripts  are  designed  to  explain  and  represent  under  - 
standing  about  seismic-event  sequencies.  Originally,  scripts  were  used  in  programs  for  reading  and 
understanding  stories.  They,  in  essence,  represent  a  stereotypical  sequence  of  events,  like  going  to  a 
restaurant  or  driving  a  car  to  work.  In  seismology,  scripts  consist  of  temporal  patterns  of  phase 
attributes,  which  consist  of  expected  signal-processing  parameters  for  the  phase,  such  as  amplitude, 
frequency,  apparent  velocity  and  azimuth  across  the  array,  etc.  Figure  1  shows  an  example  of  a  typical 
script  for  a  mine  blast  in  western  Norway.  In  addition  to  the  actual  signal  values,  there  are  also 
associated  expected  uncertainties  or  variances  for  the  observations.  Reasoning  then  consists  of 
comparing  the  observed  parameters  for  incoming  data  against  those  stored  in  the  script  for  specific 
types  of  events.  The  probability  of  match  is  determined  for  each  phase,  assuming  a  Gaussian 
distribution  for  the  errors,  and  the  probabilities  of  match  for  each  parameter  in  the  phase  attributes 
are  then  accumulated  to  yield  an  overall  script-match  probability.  A  match  is  declared  if  the 
parameters  fall  within  the  expected  range  for  the  parameter  at  some  predefined  confidence  threshold.  If 
a  match  is  declared,  the  event  is  characterized  in  terms  of  its  similarity  to  the  event  or  event  class 
represented  by  the  script. 

We  have  defined  three  different  kinds  of  scripts: 

(1)  Single  event  -  This  script  is  formed  from  the  observations  from  one  event. 

(2)  Multiple  event  or  duster  -  This  script  represents  a  large  number  of  events  whose 
characteristics  have  been  judged  to  be  close  enough  to  be  classed 

together  as  one  type  of  seismic  event 

(3)  Generic  -  This  script  is  based  on  theoretical  considerations,  not  actual 

observations. 

Both  single  event  and  multiple  event  scripts  will  be  tied  directly  to  observed  data,  including 
waveforms  and  detection  records  for  each  of  the  phases  associated  with  the  events.  Multiple  event 
scripts  will  be  most  useful  for  repeated  seismic  events  occurring  at  the  same  place,  such  as  mine 
explosions  or  closely  spaced  earthquakes  and  earthquake  aftershocks.  Single  event  scripts  will 
probably  be  used  to  represent  most  earthquakes.  Generic  scripts  are  not  associated  with  observations 
but  rather  represent  educated  guesses  about  the  characteristics  of  seismic-event  charactenstics  based 
on  theoretical  considerations.  Generic  scripts  will  be  be  used  when  new  regional  arrays  are  sited  in 
regions  where  a  historical  record  of  seismic  events  has  not  yet  been  acquired. 

The  script-representational  form  illustrated  in  Figure  1  will  be  composed  of  parameter 
measurements  made  from  actual  detections  and  post-detection  processing.  This  form  makes  it  easy  to 
acquire  new  scripts.  Single-event  scripts  will  also  be  augmented  by  the  use  of  signal-parameter 
templates  which  include  a  log-rms  incoherent  beam  and  the  broad-band  fk  measurements,  F-statistic, 
apparent  velocity,  and  back  azimuth,  displayed  as  a  function  of  time.  Templates  will  be  used  both  for 
more  detailed  pattern  matching  than  possible  with  script  matching  as  well  as  to  help  with  knowledge 
acquisition. 

The  most  commonly  used  representational  forms  in  expert  systems  are  rules.  Rules  can  be  used 
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to  represent  knowledge  about  regional  seismic  event  cases  and  scripts  may  have  rules  embedded  within 
them.  Reasoning  with  rules  is  not  much  different  than  reasoning  with  scripts,  since  the  invocation  of 
rules  involves  a  matching  process  of  facts  known  against  the  premises  of  the  rules.  Rules  differ  from 
scripts  in  that  they  are  more  compact  and  do  not  usually  contain  the  large  concentration  of  knowledge 
that  can  be  stored  in  a  script  structure.  Rules,  however,  may  be  better  for  representing  procedural 
knowledge,  which  relate  to  determining  what  to  do  next.  For  example,  rules  could  be  used  to  determine 
how  to  interpret  the  results  of  a  script  match  and  what  to  do  next  after  script  matching. 

Procedures  constitute  another  important  knowledge-representational  form  or  knowledge  source. 
Procedures  include  not  only  procedural  rules,  discussed  above,  but  also  the  wide  variety  of  traditional 
algorithms  used  in  seismic  computation,  such  as  frequency-wavenumber  analysis  or  location 
algorithms.  Such  procedures  frequently  have  rules  embedded  within  them  in  the  form  of  if-then  type 
instructions.  The  unique  aspect  of  knowledge-based  systems,  which  makes  them  distinct  from 
traditional  algorithmic  approaches,  is  that  these  rules  are  represented  as  data  structures,  rather  than 
as  embedded  procedures  within  the  code  itself.  However,  in  many  situations,  embedded  procedures  will 
be  used. 

Knowledge  Processing 

Figure  2  shows  schematically  the  cased-based  knowledge  processing  in  the 
event-characterization  part  of  the  system.  In  general,  the  knowledge  processors  utilize  two  kinds  of 
knowledge:  (1)  knowledge  about  signal  characteristics  and  (2)  knowledge  about  signal  processing 
schemes  for  enhancing  these  signal  characteristics.  As  shown  in  Figure  1,  scripts  contain  the 
constraints  on  expected  values  of  signal  parameters  and  are  used  to  interpret  the  results  of  signal 
processing.  The  case-based  reasoning  approach  consists  of  matching  the  script  parameters  against  the 
those  measured  for  a  new  event.  Moreover,  scripts  will  also  contain  the  procedural  knowledge  which 
effectively  controls  the  initiation  and  execution  of  the  signal  processors.  This  kind  of  processing  is 
called  recall  processing. 

As  shown  in  Figure  2,  the  event-characterization  function  consists  of  three  subfunctions:  (1) 
script  matching,  (2)  final  consistency  check,  and  (3)  event  identification.  Script  matching  opens 
scripts  for  historical  events  located  near  the  hypothesized  event  location,  matches  script  parameters 
against  those  of  the  new  event,  and  estimates  the  confidence  of  match.  Final  consistency  check 
examines  the  results  of  the  match,  determines  if  any  recall  processing  must  be  done  to  pick  up 
undetected  phases,  for  which  backtracking  to  the  signal  processors  would  be  invoked,  determines  if  the 
waveform  characteristics  of  the  new  event  are  consistent  with  those  of  historical  events,  and,  if  not, 
initiates  backtracking  with  alternative  hypotheses. 

Event  identification  consists  of  processors  which  extract  features  from  the  waveforms  to  be 
used  in  event  identification.  Figure  3  shows  a  schematic  and  illustration  of  a  coda-shape  matching 
algorithm  to  be  used  for  event  identification,  called  dynamic  time  warping  (DTW),  which  provides  a 
more  detailed  match  between  script  events  and  events  being  characterized.  This  algorithm,  used  in 
speech  processing  for  word  recognition,  applies  a  dynamic  programming  technique  to  match  reference 
coda  shapes  in  the  form  of  log-rms  incoherent  beams  to  those  of  the  events  to  be  processed.  The  time 
axes  of  the  reference  shapes  are  stretched  or  contracted  in  order  to  attain  the  best  match  in  the 
shapes.  The  relative  distances  between  the  reference  and  unknown  events,  in  log-rms  units,  gives  the 
goodness  of  fit. 

Other  processing  for  event  event  identification  include  spectral  analysis,  for  discrimination, 
and  cepstral  analysis,  for  identification  of  multiple  events  or  ripple  firing  in  mines  and  depth 
characterization.  The  results  of  this  processing  and  the  script  matching  results  would  be  examined  by 
rules  which  would  make  a  determination  of  the  identity  of  the  event,  ie,  earthquake,  explosion,  or 
unknown,  with  an  associated  confidence,  and  then  reports  the  results.  The  event  identification  part  of 
the  system  is  not  well  understood  because  of  our  limited  knowledge  of  in  this  field.  Hopefully,  future 
research  in  regional  discrimination  will  produce  additional  features  which  can  be  used  at  this  level  to 
identify  seismic  events. 
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FIGURE  2:  SCHEMATIC  DIAGRAM  OF  THE  EVENT  CHARACTERIZATION  PROCESS 
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DETECTION  AND  LOCATION  CAPABILITY  OF  HYPOTHETICAL 
MONITORING  NETWORKS  IN  THE  SOVIET  UNION 


Steven  R.  Bratt,  Thomas  C.  Bache  and  Donna  J.  Williams 
Science  Applications  International  Corporation 

OBJECTIVE 

Network  simulation  provides  a  framework  for  organizing  empirical  experience  and  for  extrapo¬ 
lating  that  experience  to  address  important  treaty  monitoring  issues.  One  of  the  most  important 
applications  of  network  simulations  is  assessing  die  capabilities  of  hypothetical  networks  for 
monitoring  present  and  potential  test  ban  treaties.  Our  research  program  to  simulate  seismic 
monitoring  capability  is  composed  of  three  major  efforts:  (1)  Extension  and  validation  of 
SNAPIDX-,  a  simulation  package  based  on  the  Seismic  Network  Assessment  Program  for  Detec¬ 
tion  (SNAP/D;  Ciervo  et  al„  1985),  (2)  Normalization  of  SNAPIDX  to  the  observed  perfor¬ 
mance  of  existing  networks,  and  (3)  Application  of  the  program  to  simulate  the  performance  of 
hypothetical  treaty  monitoring  networks.  In  this  paper  we  summarize  our  efforts  to  improve 
and  normalize  our  simulation  program  and  present  examples  simulating  die  detection  and  loca¬ 
tion  capability  of  hypothetical  networks  of  arrays  and  single  seismometers  in  and  around  die 
Soviet  Union.  The  results  provide  insight  into  the  number  and  quality  of  stations  necessary  to 
monitor  a  low  threshold  test  ban  treaty,  but  also  illustrate  the  sensitivity  of  simulations  to 
uncertainty  in  key  elements  of  the  normalization. 
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Simulation  Program 

We  are  developing  the  program  SNAPIDX,  which  provides  analytical  and  graphical  tools  to 
exploit  results  from  the  SNAPID  simulation  of  detection  and  location  capabilities  of  specified 
networks,  including  high  frequency  arrays.  SNAPID  computes  detection  capability  based  on 
assumptions  about  the  detection  sensitivity  of  individual  stations  and  the  amplitude  of  seismic 
waves  as  a  function  of  distance.  The  detection  threshold  may  be  defined  by  complex  detection 
criteria  using  multiple  phases.  SNAPIDX  includes  an  added  option  to  model  detection  capabil¬ 
ity  as  a  function  of  frequency  and  a  new  algorithm  for  computing  location  accuracy.  The  latter 
is  particularly  important  because  epicentral  location  and  depth  provide  critical  information  for 
identifying  events.  SNAPID  computes  location  error  using  arrival  times  from  all  stations,  with 
each  datum  weighted  by  die  detection  probability.  A  more  realistic,  though  computationally 
intensive,  approach  is  to  compute  the  location  uncertainties  from  a  large  number  of  subsets  of 
detections  selected  in  Monte-Carlo  fashion  based  on  their  detection  probability.  SNAPIDX  can 
compute  both  probability-weighted  and  Monte-Carlo  location  uncertainties,  using  arrival  times 
and  azimuth  estimates  from  any  phase. 

Normalization  and  Assumptions 

Normalization  of  network  simulations  to  empirical  experience  is  crucial  to  the  credibility  of  the 
results.  We  use  two  sets  of  amplitude -distance  curves  to  bound  P-wave  propagation  in  Eurasia 
(Figure  1).  Curve  EVC  is  composed  of  the  Evemden  (1967)  Eastern  North  America  (ENA) 
relation  over  distances  of  0  to  20°,  and  the  Veith  and  Qawson  (1972)  teleseismic  curve. 
Curve  MBY  (Marshall  et  al.,  1986)  was  derived  from  data  recorded  at  Soviet  stations  and,  for 
a  given  magnitude,  produces  relatively  smaller  P-wave  amplitudes  at  regional  distances. 
Nuttli’s  (1973)  ENA  Lg  curve  is  used  for  all  simulations,  but  Lg  is  not  permitted  to  propagate 
across  structural  boundaries  known  to  inhibit  Lg  propagation.  NORESS  detection  capability  is 
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represented  by  the  detection  probability  curves  of  Ringdal  (1986)  and  is  simulated  by  assuming 
that  regional  propagation  to  NORESS  is  defined  by  the  EVC  P  and  Nuttli  Lg  curves.  This 
gives  station  detection  thresholds  for  P  and  Lg  of  0.6  and  1.5  nm.  There  are  substantial  uncer¬ 
tainties  in  these  values,  and  more  study  is  needed  to  refine  them.  Arrival  time  and  azimuth 
uncertainties  at  NOR ESS  are  assigned  based  on  NORESS  recordings  of  location  residuals  and 
of  predicted  versus  observed  measurements  of  arrival  times  of  about  90  well-located  events  in 
Northern  Europe.  The  total  arrival-time  standard  deviations  (Cf)  for  P  and  Lg  are  0.5  and  1.5 
sec,  respectively,  and  azimuth  uncertainty  (Og)  is  8°.  These  variances  assume  no  bias  due  to 
errors  in  the  travel-time  model,  and  so  are  appropriate  for  locations  with  "calibrated"  paths 


Figure  1.  Amplitude-distance  curve*  (B( A),  where  logl0(A*¥>)  =  m*  +  B(A).  Curve*  EVC  (Evernden,  1967; 

Veith  and  Clawioo,  1972)  and  MBY  (Marahali  tt  al.,  1986)  are  u*ed  for  P-wave  attenuation  in 
different  simulation*.  Lg  propagation  is  aaautned  to  follow  the  curve  of  Nuttli  (1973)  in  all  simula- 
tiona. 

The  results  presented  below  are  for  networks  that  include  13  NORESS-quality  arrays  located  in 
the  Northern  Hemisphere  and  external  to  the  Soviet  Union,  and  sets  of  10  to  50  uniformly- 
spaced,  in-country  arrays  and  single  seismometers.  We  assume  that  NORESS-type  arrays 
within  the  USSR  have  detection  thresholds  1.5  times  greater  than  NORESS.  The  assumption 
is  that  die  performance  of  the  in-country  arrays  will  be  poorer  due  to  the  sites  being  less  favor¬ 
able  and/or  the  clandestine  tests  of  primary  interest  being  conducted  during  relatively  noisy 
periods.  Single  stations  are  assigned  detection  levels  4  times  those  of  arrays  in  accordance 
with  preliminary  examination  of  beam  gain  conducted  at  SAIC  and  elsewhere  (i.e.,  Mykkeltveit 
et  al.,  1985).  The  a,  and  Oa  at  single  stations  are  assumed  to  be  twice  than  for  arrays. 

Application  to  the  USSR 

The  first  set  of  examples  show  the  effect  of  varying  the  number  and  quality  of  stations  on  net¬ 
work  detection  thresholds  throughout  the  USSR.  The  event  detection  criterion  is  a  90%  proba¬ 
bility  of  detecting  3  or  more  P  or  Lg  phases  across  the  network.  Given  arrival-time  and 
azimuth  information,  epicentral  and  depth  constraints  may  be  placed  on  events  meeting  this  cri¬ 
terion.  Events  are  assumed  to  be  near-surface  explosions.  Figure  2  shows  the  detection  thres¬ 
hold  for  a  network  composed  of  NORESS-type  arrays:  13  outside  and  20  inside  the  Soviet 
Union.  The  MBY  P-wave  amplitude-distance  curve  is  used.  The  threshold  is  between  2.5 
and  2.8  over  most  of  the  USSR.  Slightly  higher  thresholds  result  when  the  20  arrays  are 
replaced  by  40  single  stations  within  the  USSR  (Figure  3).  Table  1  summarizes  the  detection 
capability  for  several  other  combinations  of  the  external  network  plus  internal  arrays  or 
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gure  3. 


Detection  threshold  for  network  with  13  external  amyl  and  40  internal  single  stations. 


stations.  Because  of  the  large  difference  in  the  amplitude  at  regional  distances,  replacing  MBY 
by  EVC  reduces  the  threshold.  For  the  network  of  Figure  2,  this  reduction  is  about  m.  0.2.  It 
is  less  than  the  regional  difference  between  MBY  and  EVC  because  of  the  (unchanged)  contri¬ 
butions  of  regional  Lg  and  of  the  external  arrays  to  the  threshold  determination. 

Table  1.  Summary  of  Detection  Thresholds  in  the  Soviet  Union. 

(90%  Probability  of  Detecting  3  or  more  P  or  Lg  Arrivals) 


Network 

Attenuation 

Curve 

Arrays 

Single  Stations 

13  External 

MBY 

<  3.2  -  3.4 

. 

+  10  Internal 

MBY 

2.8  -  3.0 

3.0  -  3.3 

+  20  Internal 

MBY 

2.5  -  2.8 

2.9  -  3.2 

+  30  Internal 

MBY 

2.3  -  2.7 

2.8  -  3.1 

+  40  Internal 

MBY 

2.1  -2.6 

2.6  -  3.0 

+  50  Internal 

MBY 

2.0  -  2 J5 

2.6  -  3.0 

+  20  Internal 

EVC 

2.3  -  2.6 

2.7 -3.0 

Table  2  gives  the  median  and  90th  percentile  lengths  of  the  semi-major  axis  (SMA)  for  events 
in  the  USSR  for  some  of  the  networks  of  Table  1.  These  are  determined  from  100  Monte- 
Carlo  realizations  at  each  location  in  a  15°  x  15°  grid  covering  the  map.  All  uncertainties 
were  obtained  using  P  and  Lg  arrival  times  and  azimuths  along  calibrated  paths  and  with  depth 
left  unconstrained.  P-wave  amplitudes  were  determined  using  MBY.  Figure  4  shows  the 
median  SMA  for  events  at  the  3  P  or  Lg  detection  threshold  located  with  the  network  of  Fig¬ 
ure  2  (13  external  and  20  internal  arrays).  Epicentral  uncertainties  in  the  USSR  range  from  10 
to  30  km.  Depth  uncertainties  have  similar  values.  Other  examples  listed  in  Table  2  illustrate 
the  dependence  of  detection  capability  on  event  magnitude,  and  on  the  difference  between 
arrays  and  single  stations  for  location  of  events  at  a  fixed  magnitude.  The  dimensions  of  all 
confidence  bounds  are  strongly  dependent  on  the  assumed  a,  and  Oa.  Additional  uncertainty 
in  crustal  structure/ travel-time  curves  could  more  than  double  the  SMA  presented  in  Table  2. 


Table  2.  Semi-Major  Axis  of  Location  Confidence  Ellipse 
(100  Monte-Carlo  Realizations) 


Network 

Event 

Magnitude 

Median 

90th 

Percentile 

13  External  Arrays 

* 

DT 

20-45 

500  -  700 

+  20  Internal  Arrays 

DT 

12-30 

100  -  500 

(probability-weighted) 

(8  -  14) 

+  40  Internal  Arrays 

DT 

10-30 

40-  300 

+  40  Single  Stations 

DT 

15  -  45 

50  -  500 

+  20  Internal  Arrays 

2.5 

10-  100 

50  -  500 

+  20  Internal  Arrays 

3.0 

7  -  20 

10-50 

+  20  Internal  Arrays 

3.5 

3  -  6 

4  -  10 

♦  40  Internal  Arrays 

3.5 

3  -  5 

i 

oo 

+  40  Internal  Stations 

3.5 

5  -  10 

6-25 

*  Semi-major  axes  computed  at  the  network  detection  threshold. 
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Figure  4.  Median  length  (km)  of  semi-major  axes  as  detennined  from  100  Monte-Cario  realizations  of  location 
solutions  using  the  network  of  13  external  and  ?0  internal  arrays.  Event  magnitudes  are  at  the  net¬ 
work  detection  threshold  (Figure  2). 
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Semi-major  axes  (km),  computed  via  the  SNAP  ID  approach,  for  events  at  the  detection  threshold  for 
the  network  of  Figures  2  and  4.  Confidence  bounds  are  detennined  using  all  data,  with  each 
weighted  by  the  probability  of  dele^soo.,^ 


Figure  5. 


Figure  5  shows  the  SNAP/D  probability-weighted  SMA  computed  in  a  manner  otherwise  ident¬ 
ical  to  that  for  Figure  4.  Note  that  for  events  near  the  detection  threshold,  the  probability 
weighted  ellipses  significantly  underestimate  the  median  of  epi central  uncertainties  expected  at 
any  individual  location  within  the  USSR.  The  reason  can  be  seen  in  die  90th  percentile 
Monte-Carlo  SMA  which  indicate  that  a  significant  proportion  (>  10%)  of  events  at  the  detec¬ 
tion  thrrshold  will  be  very  poorly  located. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Simulations  like  these  provide  a  basis  for  assessing  the  configuration  of  networks  necessary  to 
meet  desired  detection  and  location  performance  criteria.  For  example,  the  simulations  suggest 
that  achievement  of  a  detection  threshold  of  m^  2.5  (about  that  for  a  1  kt  decoupled  explosion) 
over  most  of  the  USSR  would  require  one  or  more  of  the  following:  (a)  more  than  20  internal 
NORESS  arrays;  (b)  propagation  more  efficient  than  we  observe  at  NORESS;  (c)  sites  with  a 
lower  detection  threshold  than  NORESS;  or  (d)  an  improved  ability  to  process  array  dam 
About  twice  as  many  single  stations  as  arrays  are  required  to  provide  equivalent  detection  and 
location  capability.  However,  our  normalization  assumptions  (e.g.;  amplitude  versus  distance, 
station  detection  thresholds,  measurement  errors,  etc.)  control  the  results,  and  there  are  substan¬ 
tial  uncertainties  in  these  assumptions.  We  are  presently  studying  the  NORESS  data  to  refine 
our  estimates  of  the  parameters  that  characterize  the  performance  of  this  station,  but  it  will 
remain  difficult  to  extrapolate  this  capability  elsewhere  until  we  get  data  from  other  sites.  We 
also  plan  to  incorporate  regional  and  frequency -dependent  amplitude  attenuation  into  future  net¬ 
work  simulations. 
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OBJECTIVE 


Regional  events  recorded  at  NORESS  are  being  processed  using  an  automated  seismic  array 
processing  package  which  is  an  extension  of  the  RONAPP  program  used  at  NORSAR  (Myk- 
keltveit  and  B ungum,  1984).  The  spectrum  is  calculated  automatically  for  each  detected  signal, 
and  we  have  been  using  these  spectra  to  study  the  spectral  characteristics  and  attenuation  of 
regional  phases.  In  this  paper  results  are  summarized  for  two  studies.  In  one  '  '  compare  Pn 
spectra  for  various  events  to  evaluate  their  potential  value  for  characterizing  events.  In  the 
second  we  perform  a  generalized  least-square  inversion  of  log  amplitude  spectra  for  Pn  and  Lg 
attenuation.  The  data  are  parameterized  by  an  co2  source  spectrum  with  cube-root  comer  fre¬ 
quency  scaling  and  an  assumed  geometric  spreading  function.  The  spectra  are  inverted  for 
source  moment,  a  constant  relating  comer  frequency  and  moment,  and  apparent  attenuation 
represented  by  Q0f  \  While  Pn  amplitude  is  more  variable  than  Lg,  spectra  of  both  phases 
are  well  modeled  by  this  simple  parameterization. 
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Spectral  Characteristics  of  Pn 

We  calculate  array  spectra  with  the  method  of  Bache  et  ai.  (1985),  originally  developed  for 
teleseismic  P  waves,  but  now  extended  for  the  analysis  of  regional  phases.  For  each  detection 
the  array  spectrum  is  obtained  by  averaging  “noise-corrected”  energy  density  spectra  com¬ 
puted  for  each  vertical  channel.  We  use  a  five  second  time  window,  starting  0.3  seconds 
before  the  computed  onset  time.  The  power  spectrum  of  a  five  second  noise  window  taken 
before  Pn  is  subtracted  to  correct  for  the  “ambient  noise”.  These  “noise-corrected”  energy 
density  spectra  are  then  averaged  over  all  array  elements,  and  the  square-root  of  this  average  is 
taken,  giving  the  amplitude  spectrum  for  this  detection.  Bache  et  al.  (1985)  show  that  this 
spectral  estimate  converges  to  the  true  signal  spectrum  (as  die  number  of  array  elements 
increases)  if  the  noise  is  random,  stationary,  and  uncorrelated  with  the  signal. 

Figure  1  shows  the  amplitude  spectra  of  Pn  for  two  sets  of  events.  The  plot  shows  only  the 
part  of  the  spectrum  above  the  noise  level  (averaged  across  the  array  elements).  The  first  set 
includes  seven  explosions  from  the  Titania  mine,  located  about  400  km  from  NORESS  in  S.W. 
Norway,  and  the  second  set  includes  eight  events  located  in  a  small  area  offshore  along  die 
same  azimuth.  Most  of  these  events  have  ML  between  2.2  and  2.7.  The  mine  blast  spectra  are 
rich  in  high-frequency  energy.  Their  spectral  shape  is  variable,  with  many  having  modulations 
with  various  periodicities  (possibly  due  to  ripple  firing).  The  offshore  events  may  be  earth¬ 
quakes  or  underwater  explosions.  They  have  spectra  that  are  very  similar  in  shape  and  high- 
frequency  slope,  but  they  differ  from  the  mine  blast  spectra  in  having  the  energy  concentrated 
below  5  Hz  and  a  significant  spectral  decay  at  high  frequency. 


Pulli  (1986)  first  studied  this  set  of  events,  observed  the  differences  in  frequency  content,  and 
suggested  the  use  of  a  spectral  ratio  to  discriminate  between  them.  Following  his  suggestion, 
we  calculated  the  ratio  of  high  to  low  frequency  power,  using  the  bands  2  -  5  Hz  and  5-12 
Hz.  The  results  are  plotted  at  the  bottom  of  Figure  1.  The  spectral  ratios  for  all  explosions 
are  greater  than  0.3,  while  those  for  the  offshore  events  are  less  than  0.3.  Therefore,  this  spec¬ 
tral  ratio  successfully  separates  these  two  sets  of  events.  However,  it  is  likely  that  much  of  the 
difference  is  due  to  path  effects  (we  have  noticed  that  offshore  events  usually  have  “different” 
spectra),  and  we  are  not  certain  whether  the  offshore  events  are  actually  earthquakes  or  explo¬ 
sions. 

We  examined  a  larger  suite  of  events  to  see  how  spectral  ratios  vary.  Our  data  set  includes 
repeated  explosions  with  similar  magnitudes  ( ML  about  2.5)  from  several  mines  located  in 
Western  USSR  at  about  1000  km  from  NORESS.  Figure  2  shows  spectra  for  Pn  for  explo¬ 
sions  from  two  of  these  mines  (Estonia  mines  E7  and  E8)  which  are  located  within  25  km. 
The  spectra  are  similar  for  events  within  one  of  the  mines  (apart  from  modulations),  but  are 
different  between  the  two,  indicating  significant  differences  in  source  and/or  near-source 
effects.  Of  particular  interest  is  the  peak  observed  around  3  Hz  for  E7,  but  absent  from  the  E8 
spectra  which  are  depleted  in  low  frequency  energy.  At  the  bottom  of  Figure  2  are  plotted 
spectral  ratios  for  events  in  these  two  mines,  and  also  for  events  in  other  mines  further  north 
(V2  and  V10).  E8  has  larger  spectral  ratios  than  all  other  mines  (the  line  separates  E8  from 
the  others).  Overall,  the  variations  are  as  large  as  those  seen  in  Figure  1  where  this  ratio  suc¬ 
cessfully  discriminated  between  two  sets  of  events.  Spectra  from  events  at  other  locations 
show  similar  variations  for  this  particular  spectral  ratio,  and  we  have  no  evidence  that  any 
other  ratio  will  be  significantly  more  consistent  We  have  no  closely  matched  set  of  explosions 
and  earthquakes  to  compare,  but  a  conclusion  of  the  generalized  inversion  study  described  next 
is  that  there  are  no  consistent  distinguishing  differences  between  earthquake  and  explosion 
spectra  when  they  are  normalized  for  differences  in  source  size  (moment)  and  path  length  (Q). 
However,  most  of  the  events  used  in  the  inversion  had  local  magnitudes  less  than  3.0  and  Pn 
spectra  band-limited  to  frequencies  near  15  Hz.  Because  comer  frequencies  for  these  small 
events  are  near  the  upper  limit  of  the  available  bandwidth,  the  data  do  not  provide  firm  con¬ 
straints  on  possible  differences  between  earthquakes  and  explosions. 

A.itenuation  of  Regional  Phases 

In  order  to  systematically  characterize  the  spectra  of  regional  phases  recorded  at  NORESS,  we 
have  developed  a  generalized  inversion  that  simultaneously  estimates  source  strength  and  Q(f). 
The  procedure  has  been  applied  to  spectra  of  150  events  at  ranges  between  300  and  1 100  km. 
At  ranges  less  than  about  800  km,  the  Lg  signal/noise  ratio  is  less  than  one  for  most  of  the 
events  above  7  or  8  Hz,  while  at  shorter  distances  Lg  spectra  are  probably  contaminated  by  Sn 
coda  at  high  frequency.  Therefore,  Lg  spectra  were  inverted  between  1  and  7  Hz,  while  Pn 
spectra  were  inverted  from  I  to  15  Hz  (the  upper  limit  for  good  signal/noise). 

The  inversion  requires  a  source  spectral  shape  parameterization,  and  we  have  adopted  an  co2 
model,  with  comer  frequency  inversely  proportional  to  the  cube  root  of  the  long  period  source 
level,  S(y  Log  amplitude  spectra  are  inverted  for  S0  for  each  event  and  for  a  single  parameter 
relating  S0  to  comer  frequency.  Spherical  spreading  is  assumed  for  Pn  and  cylindrical  spread¬ 
ing  for  Lg  beyond  a  transition  distance,  r0  -  100  km  (Herrmann  and  Kijko,  1983).  The 
assumed  r0  trades  off  directly  with  S0  and  does  not  affect  the  Q  estimate.  However,  Q  esti¬ 
mates  are  dependent  upon  the  assumed  spreading  rate.  Attenuation  is  parameterized  by  a 
power  law  frequency  dependence  of  apparent  Q  ( Q(f)  =  Qofn),  including  the  effects  of  both 
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scattering  and  anelasticity. 


Spectra  computed  with  the  parameters  determined  by  the  inversion  are  compared  to  observed 
spectra  for  a  Western  USSR  mine  blast  and  to  a  German  earthquake  in  Figure  3.  The  results 
of  the  inversion  for  Lg  are  Qo  -  300  and  rj  -  0.44.  For  Pn  the  results  are  Qo  -  250  and  t|  - 
0.50.  The  corner  frequency  for  an  “average  event"  with  ML  «  3.0  is  approximately  12  Hz. 
With  these  values  and  S0  as  a  function  of  magnitude,  we  have  parameterized  the  spectral  data 
and  can  compute  Pn  and  Lg  spectra  for  an  “average  event"  at  any  selected  range  and  magni¬ 
tude.  Results  for  NORESS  Ml  -  3.0  are  shown  at  the  bottom  of  Figure  3,  along  with  an  aver¬ 
age  NORESS  noise  spectrum  estimated  from  samples  taken  prior  to  Pn  for  many  events.  The 
variation  of  observed  Pn  spectra  about  the  curves  in  Figure  3  is  greater  than  for  Lg.  This  is 
probably  because  Pn  samples  a  smaller  fraction  of  the  focal  sphere  than  Lg,  making  its  ampli¬ 
tude  more  sensitive  to  source  radiation  pattern,  focusing  and  defocusing,  and  scattering.  How¬ 
ever,  the  Pn  variations  are  primarily  in  absolute  amplitude  (i.e.,  in  the  50  for  a  given  M[)  rather 
than  in  spectral  shape.  When  only  explosions  are  used  in  the  inversion  (to  eliminate  radiation 
pattern  effects  on  absolute  amplitude),  the  moment-magnitude  scatter  is  greatly  reduced. 


CONCLUSIONS  AND  RECOMMENDATIONS 

Spectral  ratios  are  able  to  discriminate  between  chemical  explosions  in  S.W.  Norway  and 
apparent  offshore  earthquakes  at  nearby  locations,  but  path  effects  may  be  the  cause.  We  also 
note  that  repeated  events  at  the  same  mine  have  similar  spectral  characteristics  for  Pn,  apart 
from  diverse  spectral  modulations.  But  these  characteristics  can  be  significantly  different  from 
those  at  other  mines  at  the  same  distance,  even  when  the  mines  are  quite  close.  These  similari¬ 
ties  and  differences  are  potentially  useful  for  accurately  locating  repeated  events.  However,  the 
observed  spectral  variations  make  it  difficult  to  be  optimistic  that  spectral  ratios  can  be  used  to 
discriminate  between  source  types  with  much  confidence. 

A  large  suite  of  regional  Pn  and  Lg  spectra  were  inverted  for  source  moment  and  apparent 
attenuation  (including  both  anelasdcity  and  scattering).  The  results  support  our  tentative  con¬ 
clusion  that  differences  between  earthquake  and  explosion  spectra  are  likely  to  be  overwhelmed 
by  path  effects,  though  our  data  was  restricted  to  relatively  small  events  and  band-limited  to 
frequencies  less  than  15  Hz.  The  results  of  the  inversion  provide  a  simple  parameterization 
that  can  be  used  to  compute  representative  range-dependent  spectra  for  events  of  a  given  mag¬ 
nitude  (or  assumed  source  character,  such  as  a  decoupled  nuclear  explosion). 
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Figure  1:  Instrument-corrected  Pn  amplitude  spectra  are  plotted  for  a  set  of  events  from  the 
Titania  mine  in  S.W.  Norway  (left)  and  a  set  of  nearby  offshore  events  (right). 
The  amplitude  units  are  arbitrary  and  a  constant  vertical  offset  has  been  added 
between  spectra.  Below  are  power  spectral  ratios  for  these  two  sets  of  events. 
The  dashed  line  corresponds  to  a  value  of  0.3. 
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Instrument-corrected  Pn  amplitude  spectra  are  plotted  for  explosions  from  Estonia 
mines  E7  (left)  and  E8  (right).  The  amplitude  units  are  arbitrary  and  a  constant 
vertical  offset  has  been  added  between  spectra.  Below  are  power  spectral  ratios 
for  these  two  sets  of  events,  and  for  events  from  two  other  Western  USSR  mines 
(V2  and  V10).  The  dashed  line  corresponds  to  a  value  of  0.45. 
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ARRAY  PROCESSING  STRATEGIES  OF  SEISMIC  SIGNALS 
FROM  LOCAL  AND  REGIONAL  EVENTS 
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1 )  Geological  Institute,  Box  1047  Blindern,  0316  Oslo  3,  Norway 
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1.  INTRODUCTION 

A  variety  of  array  processing  schemes  have  been  extensively  studied  by 
researchers  in  different  fields  like  acoustics,  radio  astronomy,  electrical 
engineering,  statistics,  geophysics  and  naturally  seismology.  In  classical 
array  processing,  phased  beamforming  and  f-k  analysis,  it  is  assumed  ortho¬ 
gonality  between  signals  and  noise.  To  enhance  resolvability  of  closely 
spaced  sources,  a  variety  of  so-called  high  resolution  techniques  have  been 
introduced.  In  Sec.  2  we  examine  the  performance  of  a  variety  of  array  pro¬ 
cessing  techniques  for  relatively  complex  signals.  Then  we  demonstrate  tht ' 
improved  array  event  locations  are  feasible  using  interpolated  move-out 
times  for  extremal  points  of  first  cycles  (Sec.  3).  For  events  at  local  and 
regional  distances  array  records  are  complex  and  this  is  often  attributed 
to  scattering  contributions  of  the  Chernov  type.  In  Sec.  3  we  discuss 
crustal  structural  models  on  the  basis  of  an  extensive  marine  profiling 
survey  in  the  Skagerrak  Sea  (ca  200  km  SE  of  NORESS)  covering  tectonic  pro¬ 
vinces  with  an  age  span  of  about  300  to  1700  M.y. 

2.  ARRAY  SIGNAL  PROCESSING  SCHEMES 

Array  signal  processing  techniques  considered  in  the  context  of  meritorious 
features  like  robustness,  stability  of  estimates  and  computational  effi¬ 
ciencies  are  as  follows: 

Phase  beamforming  and  f-k  analysis 

/\  A  1 

Weighted  beam  power  Pg  =  uj*C(u)uj  ;  Unweighted  beam  power  Pg  *  ^*C(a))A. 

M 

where  C(u)  =  covariance  matrix  for  slowness  vector  vi;  u  ■  weight  function 
for  M  sensors,  and  X.  *  (1,1,...,!)  of  length  M. 


Semblance  estimates  s'  **  Pg/Pfj 

Weighted  s  ■  uy*C u/E  i  ;  Unweighted  s'-  =  ^*C£/MtrC 

Maximum  like lihood  methods  (MLM) 

Here  weights  are  w  *  C“Vi/ A*C-1^. 
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Beam  power  and  semblance  estimates  are: 

PMLM  =  and  -=  Pmlm/pAV 


N-th  root  stack  (beamforming) 

Firstly,  the  N-th  root  stack  is  formed 
1  T 

Sl/N  =  “  l  sign(yi)  •  yi1^ 

M  i=l 

and  then  raising  to  N-th  power: 

SN  =  signCSi/N)  •  Sx/nN 

where  yj.  =  i-th  sensor  trace  and  slowness  index  ignored.  Power  from  the 
Sty  trace  is  calculated  as  a  function  of  slowness. 

2.1  Result  summary 

From  extensive  analysis  of  many  events,  major  results  are: 

The  common  performance  feature  of  the  above  techniques  is  that  peak 
signal  power  location  in  the  slowness  plane  is  invariant  albeit  MLM- 
estimation  is  best. 

-  For  the  complex  part  of  the  P-wave  train,  "short  window"  techniques 
like  semblance  and  N-th  root  stack  have  the  best  performance  and  be¬ 
sides  are  computationally  attractive. 

In  general,  these  techniques  are  inadequate  for  parameterizing  the  c'oda 
due  to  weak  signal  coherency  and/or  correlating  signals. 

Very  different  approaches  are  needed  for  analyzing  the  complex  part  of 
array  records.  Particularly,  methods  based  on  assumptions  of  signal/ 
noise  orthogonality  should  be  avoided. 

3.  ARRAY  EVENT  LOCATION 

From  Fig.  1  we  have  that  slowness  results  depend  on  which  part  of  the 
signal  is  actually  used  in  estimation  -  the  very  first  cycles  give  "best" 
results.  In  consequence,  we  have  experiemented  with  "point"  estimates,  that 
is,  pick  extremal  points  of  the  very  first  signal  cycles  using  a  cubic 
spline  interpolation  scheme.  For  adequate  SNRs,  extremal  points  or  relative 
move-out  times  can  consistently  be  read  to  nearest  0.002  sec  (ca  a  tenth  of 
sampling  rate),  which  is  equivalent  to  errors  of  ca  1  deg  in  azimuth  an 
0.1  km  s-1  for  Pn-velocity  signal.  For  event  location  per  se  bias  errors 
have  to  be  removed  via  "master  event"  techniques. 


4.  CRUSTAL  STRUCTURE  MAPPING 


During  Jan/Feb  1987  the  eminent  ship  M JW  Mobil  Search  completed  17 3U  km  of 
deep  seismic  profiling  lines  in  the  Skagerrak  Sea  (16  sec  twt  or  ca  50  km 
depth  range).  A  few  examples  of  preliminary  structural  results  derived  from 
these  data  are  shown  in  Fig.  2;  the  outstanding  features  here  are  the 
strong  lamination  of  the  crust.  These  characteristics  appear  to  be  indepen¬ 
dent  of  the  geological  ages  of  the  tectonic  provinces  sampled;  old  shield 
structures  in  Swedish  waters  (1700  M.y.)  to  Permian  crust  in  the  southward 
extension  of  the  Oslo  graben  (300  M.y.).  The  ship's  air  gun  signals  were 
recorded  at  mobile  3-component  land  stations  and  also  by  the  NORESS  array 
2-300  km  to  the  north.  In  a  special  experiment  40  sec  twt  recordings  were 
used,  which  is  equivalent  to  a  depth  range  of  ca  150  km,  or  the  entire 
lithosphere.  We  consider  these  profiling  experiments  particularly  relevant 
in  a  seismic  monitoring  context  as  such  laminated  structures  would  provide 
a  relatively  deterministic  explanation  of  complex  seismograms  (coda  waves) 
at  local  and  regional  distances.  Furthermore,  crustal  laminations  of  the 
kind  displayed  in  Fig.  2  appear  to  be  a  rather  universal  feature  of  the 
continental  crust  (e.g.,  see  Matthews  and  Smith,  1987).  Finally,  we  will 
attempt  to  compute  synthetic  seismograms  on  the  basis  of  the  derived 
crustal  structures  (numerical  problems  are  severe)  which  may  be  a  more 
realistic  alternative  to  scattering  hyptheses  in  modelling  P-signal  codas. 

5.  CONCLUDING  REMARKS 

We  have  made  a  comparison  between  common  array  signal  processing  techniques 
and  find  that  differences  in  performances  are  modest.  An  essential  point 
here  is  that  we  have  to  compromise  between  adequate  bandwidth  and  short 
signal  windows  because  wavelet  slownesses  may  vary  considerably  through  a 
P-sigual  wave  train.  A  weakness  of  these  processing  schemes  (beamforming, 
f-k,  semblance,  MLM  and  N-th  root  stack)  is  the  general  inability  to  pro¬ 
perly  handle  interfering,  presumably  correlating  signals.  Analyzing  tech¬ 
niques  for  handling  such  cases  are  very  complicated  requiring  multiwavelet 
parameterization  models.  A  parallel  problem  here  is  that  more  extensive 
array  signal  parameterization  requires  new  schemes  for  objectively  using 
this  information  for  event  location  and  source  identification. 

Local  and  regional  seismogram  complexities  are  generally  attributed  to  ran¬ 
domly  distributed  scattering  contributions.  We  give  evidence  on  the  basis 
of  extensive  vertical  seismic  profiling  of  an  area  south  of  NORESS  that  the 
principal  crustal  feature  is  structural  lamination,  apparently  independent 
og  ages  of  geological  provinces. 


REFERENCE: 

Matthews,  D.  &  C.  Smith  (eds.)  (1987):  Deep  Seismic  Reflection  Profiling 
of  the  Continental  Lithosphere,  Geophys.  J.  Roy.  Astr.  Soc.,  89.  1-447. 
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Fig.  1  MLM-Semblance  analysis  of  NORESS  recordings  from  an  underground 
Novaya  Zemlya  explosion.  Traces,  that  of  AOZ  displayed,  are 
unfiltered  and  signal  window  of  0.75  sec  used,  (a)  Looping  over 
azimuth;  velocity  fixed  at  9.5  km  s'1;  (b)  Looping  over  velocity; 
azimuth  fixed  at  30  deg.  Note  the  dispersiveness  in  the  slowness 
parameters  with  time,  and  also  that  semblance  is  relatively  weak 
in  the  most  energetic  part  of  the  record,  presumably  due  to 
interference.  1  Q  1 
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OBJECTIVE 


In  order  to  evaluate  the  location  potential  of  the  NORESS  array,  the 
slowness  of  events  of  known  origins  have  been  estimated  applying  different 
approaches.  The  objective  of  this  investigation  is  to  develop  methods  and 
rules  that  can  be  applied  in  real-time  processing  of  regional  arr  .y  data 
and  to  give  an  idea  of  the  uncertainty  of  automatic  location  estimates. 


RESEARCH  ACCOMPLISHED 


Kvaerna  and  Doornbos  (1986)  described  a  method  to  estimate  the  slowness 
vector  using  arrays  of  either  vertical  or  three -component  seismometers. 
Their  conclusion  was  that  conventional  frequency-domain  beamforming  of  ver¬ 
tical  sensor  data  provided  more  stable  estimates  than  estimates  obtained  by 
similar  processing  of  three-component  arrays  or  sensors. 

In  this  study  we  pursue  this  investigation  further,  by  concentrating  on 
conventional  slowness  estimation  (narrow-band  and  wide-band)  for  a  suite  of 
reference  events  of  known  origin. 


Bl4s j0 

We  have  selected  a  set  of  ten  quarry  blasts  at  a  dam  construction  site  in 
southwestern  Norway  (Bl&sj0). 

Site  coordinates:  59.31  N  6.95  E 

True  azimuth  from  NORESS:  240.2  degrees 
Distance  from  NORESS:  301.2  km 

The  size  of  the  explosions  is  typically  50  tons  TNT.  All  of  the  events 
have  a  high  signal-to-noise  ratio  (SNR)  at  NORESS;  thus  noise  interference 
in  the  slowness  estimates  is  minimal. 

Fig.  1  shows  the  results  from  processing  the  Pn  phase  for  each  of  the  ten 
events.  Four  different  methods  have  been  chosen  for  frequency  selection: 

a)  Narrow  band  -  variable  frequency 

The  analysis  frequency  f  selected  for  each  event  is  the  dominant  fre¬ 
quency  of  the  signal  as  determined  by  the  cycle  count  method  of  the 
real-time  processor. 

b)  Wide  band  -  variable  frequencies 

Processing  is  done  in  the  band  (fg  -  £g/4,  fg  +  fg/4)  where  fg  is 
the  dominant  frequency. 


c)  Narrow  band  -  7.0  Hz 

tn  this  case  the  frequency  has  been  kept  fixed  (fg  =  7.0  Hz)  for  ail 
events . 

d)  Wide  band  5.0  -  9.0  Hz 

This  is  analogous  to  b)  but  with  fQ  =  7.0  Hz  kept  fixed  for  all  events. 

It  is  clear  from  the  figure  that  by  far  the  most  stable  result  is  obtained 
by  method  d).  The  mean  azimuth  is  estimated  at  242.19  degrees,  and  the 
maximum  spread  around  the  mean  is  only  ±  1  degree. 

We  also  conducted  slowness  estimation  of  the  Sn  and  Lg  phases  of  the  ten 
events,  using  the  fixed  frequency  approach,  i.e.,  corresponding  to  c)  and 
d).  Fig.  2a  shows  the  results  for  the  single  frequency  case  (fQ  =  4.0  Hz), 
plotted  together  with  the  Pn  results  from  c)  above.  We  notice  that  the 
azimuth  spread  is  larger  for  the  two  secondary  phases.  There  is  a  clear 
distinction  between  the  estimated  phase  velocities  of  the  primary  and 
secondary  phases,  and  the  Sn  phase  velocities  tend  to  be  larger  than  those 
of  Lg. 

In  fig.  2b,  a  similar  plot  is  presented  corresponding  to  the  wide  band, 
fixed  frequency  approach  (cf.  d)  above).  We  now  see  a  clear  phase  velocity 
separation  among  all  three  phase  types.  In  addition,  estimated  azimuths  are 
generally  consistent,  although  the  scatter  is  somewhat  larger  for  Sn  than 
for  Lg.  The  mean  azimuth  for  the  Lg  phase  is  estimated  at  238.85  degrees, 
and  the  maximum  spread  around  the  mean  is  *  2  degrees. 

All  processing  results  in  this  study  are  based  on  a  3  sec.  long  time  inter¬ 
val.  We  also  conducted  some  experiments,  changing  slightly  the  positioning 
of  the  analysis  window,  but  it  did  not  produce  any  significant  changes  in 
the  overall  results.  Correct  determination  of  the  start  time  and  length  of 
the  analysis  window  may  become  more  important  for  events  with  lower  SNR, 
and  rules  for  automatic  picking  of  these  variables  should  be  further 
1 nvestigated. 

Semipalatlnsk 

P-wave  recordings  from  sixteen  presumed  nuclear  explosions  at  Semipalatlnsk 
have  been  analyzed  by  the  wide  band,  fixed  frequencies  approach.  A  fre¬ 
quency  range  of  1.5-3. 5  Hz  was  selected.  This  is  for  all  events  close  to 
the  optimum  filter  band  for  SNR  gain  on  the  array  beam. 

Site  coordinates:  50  N  79  E 

True  azimuth  from  NORESS:  75  degrees 
Distance  from  NORESS:  4200  km 

All  events,  except  one,  had  a  very  high  SNR.  As  shown  in  fig.  3,  the  sta¬ 
bility  of  the  Semipalatlnsk  slowness  estimates  is  as  good  as  in  the  Bids jo 
case.  The  mean  azimuth  is  78.10  degrees  and  the  maximum  spread  around  the 
mean  Is  i  1  degree. 


Estonia 


As  a  third  data  base  for  testing  of  the  location  algorithms,  NORESS  recor¬ 
dings  of  ten  mining  explosions  in  the  Estonian  region  of  USSR  were  chosen. 
These  events  were  located  by  the  network  in  Finland,  and  reported  by  the 
University  of  Helsinki. 

Site  coordinates:  59.5  N  28.5  E 

True  azimuth  from  NORESS:  92  degrees 
Distance  from  NORESS:  950  km 

In  the  5. 0-7.0  Hz  band,  the  Pn  phases  of  these  events  had  a  single  channel 
SNR  ranging  from  2.7  to  12.6,  which  is  much  lower  than  for  the  Blasjd  and 
Semipalatinsk  events.  The  University  of  Helsinki  reported  duration  magni¬ 
tudes  (Md)  in  the  range  2.5  to  2.9. 

Results  from  wide  band  slowness  estimation  of  the  Pn  phases  are  shown  in 
figure  3.  They  were  all  processed  in  the  frequency  band  5. 0-7.0  Hz.  The 
mean  azimuth  is  81.38  degrees  and  the  maximum  spread  around  the  mean  is 
nine  degrees.  This  is  significantly  larger  than  for  the  two  other  sites. 

In  addition  the  mean  azimuth  has  a  bias  of  almost  ten  degrees 
from  the  true  azimuth  of  92  degrees. 

Automatic  estimation  of  slowness 


It  is  difficult  to  predetermine  fixed  frequency  bands  for  slowness  estima¬ 
tion,  because  of  the  large  variation  in  signal  and  noise  spectra,  see 
figure  4b.  A  bad  choice  of  frequency  may  lead  to  processing  in  the  band 
with  lowest  SNR  rather  than  best  SNR.  A  real-time  detection  processor  will 
use  several  filter  bands  and  array  sub-geometries  to  get  the  best  SNR  for 
different  categories  of  signals.  The  detection  report  will  therefore  con¬ 
tain  information  about  which,  frequency  band  and  array  sub-geometry  that 
give  the  best  SNR.  By  using  this  information  we  may  stabilize  the  slowness 
estimates  in  various  ways.  If  the  SNR  is  above  a  given  limit,  we  may  if 
possible,  expand  the  array  geometry  and  thereby  making  the  estimates  more 
stable.  We  can  also  stabilize  the  estimates  by  increasing  the  processing 
bandwidth  to  higher  frequencies,  provided  the  SNR  is  sufficently  high. 

We  have  tested  this  idea  by  processing  the  ten  Estonian  events  with  the 
same  array  sub-geometry  and  filter  band  as  for  the  beam  with  maximum  SNR. 
The  results  are  shown  in  figure  4a.  The  Pn  and  Sn  estimates  show  a  large 
scatter  in  both  azimuth  and  velocity,  but  the  Lg  estimates  are  more  con¬ 
sistent.  The  mean  of  the  Lg  azimuths  is  92.98  degrees  with  a  maximum 
spread  around  the  mean  of  6  degrees.  We  were  not  able  to  separate  the  Sn 
and  Lg  phases  on  the  basis  of  velocity  as  in  the  Bl&sjb  case,  probably  due 
to  lower  SNR  and  a  narrower  usable  bandwidth. 


CONCLUSIONS  AND  RECOMMENDATIONS 


This  study  has  shown  that  employing  a  wider  frequency  band  clearly  tends  to 
increase  the  stability  of  the  slowness  estimates,  provided  the  signal-to- 
noise  ratio  is  adequate  over  the  band  of  interest.  The  stability  was 
found,  particularly  for  Pn,  to  be  remarkably  good  for  the  western  Norway 
quarry  blasts  when  using  a  fixed  frequency  band  for  all  ten  events.  The 
same  apply  to  the  teleseismic  P-phases  from  Semipalatinsk. 

If  the  processing  band  for  slowness  estimation  is  selected  from  the  detec¬ 
tion  processor  information,  we  should  apply  the  estimated  Lg  azimuth  for 
location  purposes,  see  figure  4a  and  figure  2b. 

From  figure  4b,  we  can  see  that  the  Lg  spectra  show  a  more  uniform  pattern 
than  the  Pn  spectra.  The  best  frequency  band  for  detection  of  Lg  phases 
will  for  this  suite  of  events  be  1. 0-3.0  Hz,  whereas  the  optimum  Pn  filter 
bands  will  range  from  2. 5-4. 5  Hz  to  6. 0-8.0  Hz. 

The  robustness  and  stability  of  the  Lg  azimuth  estimates  using  the  detector 
information  is  due  to  the  fact  that  the  detection  processor  for  all  ten 
events  report  1. 0-3.0  as  the  filter  band  with  optimum  SNR. 
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Fig.  1  Processing  results  (azimuth  and  velocity)  for  the  Pn  phase  of  the 
ten  Bl&sj0  events  in  the  data  base.  Results  using  four  different 
approaches,  as  described  in  the  text,  are  shown.  Note  the 
excellent  consistency  of  the  results  for  the  wideband  case  on  top. 
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P-WAVE  SLOWNESS  ESTIMATES 

SEMIPALATINSK,  ESTONIA  AND  BLASJ0 
FIXED  FREQUENCY  BANDS 
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Fig.  3  Wide  band  slowness  estimates  of  the  P  phase  for  a  suite  of 
events  from  the  following  sites: 

i)  Sixteen  presumed  nuclear  explosions  from  Semipalatinsk, 
processed  in  the  1. 3-3-5  Hz  band. 

ii)  Ten  explosions  from  a  mining  area  in  Estonia,  USSR, 
processed  in  the  5. 0-7.0  Hz  band. 

iii)  Ten  quarry  blasts  at  the  dam  construction  site  Blasjd 

in  southwestern  Norway,  processed  in  the  5. 0-9.0  Hz  band. 
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INVESTIGATION  OF  EXPLOSION  GENERATED  SV  Lg  WAVES 
IN  2-D  HETEROGENEOUS  CRUSTAL  MODELS  BY  LFD  SIMULATION 
K.  L.  McLaughlin,  R.-S.  Jih,  and  Z.  A.  Der 
Teledyne  Geotech  Alexandria  Laboratories 
314  Montgomery  Street,  Alexandria,  Va  22314 


Nuttli  (1987)  has  recently  reported  that  m^  -  varies  from  0.036(0.015)  for  the  eastern  portion  of  the 
Eastern  Kazakh  test  site  (EEKTS)  to  027(0.03)  for  the  central  portion  of  the  Eastern  Kazakh  test  site  (CEKTS). 
Nuttli  argues  that  the  teleseismic  P  wave  magnitudes,  in  the  central  portion  of  the  test  site  are  systemati¬ 
cally  larger.  We  have  investigated  Nuttli’s  individual  station  mb(jLt)  readings  (personal  communication,  1986) 
and  determined  that  his  results  are  not  caused  by  censoring,  noise  contamination,  or  biases  in  station  corrections. 


An  alternative  to  Nuttli’s  hypothesis  is  that  Lg  excitation  may  be  smaller  at  the  CEKTS  than  the  EEKTS. 
CEKTS  has  considerable  topographic  relief  (Rode an,  1979)  while  EEKTS  consists  of  folded  sedimentary  rocks 
(Nordyke,  1973).  We  have  investigated  several  2-D  models  for  the  excitation  of  SV  Lg  using  linear  elastic 
finite  difference  calculations.  These  simplistic  models  simulate  the  excitation  of  far  field  SV  waves  from  dilata- 
tional  line  sources  imbeded  in  2-D  heterogeneous  models  with  and  without  free  surface  topography.  The  results 
from  these  simulations  are  presented  for  the  0.5-1.0  Hz  bandwidth  in  Table  I.  The  results  for  each  model  are 
referenced  to  the  excitation  for  a  uniform  layer  over  a  uniform  half  space  model.  The  models  are  arranged  in 
order  of  decreasing  SV  Lg  excitation  relative  to  the  reference  model  (j-0). 


Calculations  are  performed  using  reciprocity  by  directing  an  SV  plane  wave  from  a  uniform  half  space  upon  the 
model.  See  Figures  1,  2,  and  3  for  snapshots  of  a  SV  plane  waves  with  apparent  velocities  of  4.5  km/s  incident 
upon  three  models.  The  dilatational  strain  is  recorded  at  an  array  of  locations  with  an  average  depth  of  0.S  km 
in  the  grid.  The  average  spectral  level  of  the  dilatational  strain  history  in  the  0.5-1.0  Hz  bandwidth  from  the 

array  of  locations  is  determined  relative  to  a  reference  model,  Log(~~).  Our  reference  model  (j»0)  is  a  uni- 

form  2  km  layer  (cc=5.0kmls,$=2.74kmJs)  over  a  uniform  half  space  (a?=6.0km/s,$=i.55km/s).  The  test  models 
have  included  combinations  of  topographic  profiles,  10%  rms  random  velocity  variation  in  the  layer,  as  well  as 
folded  layers  with  random  velocities. 


While  we  continue  to  experiment  with  various  models,  our  preliminary  results  indicate  that  P  to  SV  conversion 
is  strongly  enhanced  by  velocity  variation  in  the  vicinity  of  rough  topography  and  the  introduction  of  low  velo¬ 
city  layers  near  the  surface.  The  introduction  of  interfaces  alone  does  not  of  itself  increase  SV  excitation  with 
the  required  slowness  range.  We  continue  to  experiment  with  the  geometry  of  heterogeneity,  and  the  scale 
lengths  of  the  heterogeneity.  Although  we  can  not  presently  explain  Nuttli’s  results,  we  predict  substantial  vari¬ 
ations  in  SV  Lg  excitation  by  explosions  imbedded  in  crustal  heterogeneity. 
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TABLE  I.  COMPARISON  OF  EXPLOSION  SV  Lg  EXCITATION  0.5-1. 0  Hz 

j  DESCRIPTION  v  Oo  h(km)  Log(~) 

lSQ- 

1 -LAYER 

0% 

5.0 

0.000  “ 

1 

1-LAYER  TOPO 

10% 

4.5 

2.0 

0.127 

2 

1 -LAYER  TOPO 

10% 

5.0 

2.0 

0.063 

3 

2-LAYER 

0% 

4.5/5.0 

uyi.o 

0.037 

4 

2-LAYER 

10% 

4.5/5.0 

l.tyi.o 

0.001 

5 

1-LAYER 

10% 

4.5 

2.0 

-0.014 

6 

1 -LAYER 

10% 

5.0 

2.0 

-0.032 

7 

0-LAYER  TOPO 

0% 

6.0 

2.0 

-0.107 

8 

7  FOLDED  LAYERS 

10% 

5.0 

3.0 

-0.163 

9 

11  FOLDED  LAYERS 

10% 

5.0 

3.0 

-0.173 

20-1 


Figure  2.  Model  2.  Same  as  in  Figure  1,  except  that  the  model  has  a  random  free-surface  topographic  profile. 


jre  3  Model  9.  Same  as  Figure  1  except  that  the  3  km  thick  low  velocity  layer  consists  of  lightly  folded  (5 
wavelength,  2.5  km  amplitude)  0.5  km  thick  layers  with  10%  rms  velocity  variation  with  respect  to  an  aver- 


Figure  4.  Model  0.  Dilatational  strain  history  (S  Hz  low-pass)  from  incident  broadband  SV  plane  wave  recorded 
at  16  locations  at  0.5  km  depth  in  the  reference  model.  SV-to-P  conversions  are  evident  from  layer  interface 
and  free  surface  as  well  as  a  later  residual  side  boundary  reflection.  Only  the  portion  of  the  response  uncontam¬ 
inated  by  the  side  reflections  are  used  in  analysis. 


0.  5. 


Figure  5.  Model  7.  Dilatational  strain  history  (S  Hz  low-pass)  from  incident  broadband  SV  plane  wave  recorded 
at  16  locations  under  the  topographic  profile.  The  model  consists  of  a  uniform  velocity  layer 
(a=5fc/n/r,p=2.74fon!r)  with  a  topographic  profile  over  a  uniform  velocity  half  space.  SV-to-P  conversion  is  evi¬ 
dent  from  the  layer  interface,  but  the  bulk  of  the  conversion  and  coda  is  generated  by  the  free-surface. 


T - 1  I  I  I  T  I 


0.  5. 

Figure  6.  Model  9.  Dilautional  strain  history  (5  Hz  low-pass)  from  incident  broadband  SV  plane  wave  recorded 
at  16  locations  at  a  depth  of  0.5  km  in  model  9.  The  model  consists  of  a  layer  (average  a=5fan/r,|3=2.74Wr) 
with  folded  layers  of  random  velocity  with  a  10%  velocity  variation  (see  Figure  3).  SV-to-P  conversion  is  evi¬ 
dent  from  the  layer  interface,  but  the  bulk  of  the  conversion  is  still  generated  by  interaction  with  the  free- 
surface. 


0.0  1.0  2.0  3.0 
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/n. 

Figure  7.  Average  spectral  ratio  as  a  function  of  frequency,  Log(-=-),  of  the  Model  9  responses  shown  in  Fig- 

urc  6  relative  to  the  reference  model.  Model  9  response  in  the  0.5  to  1.0  Hz  range  is  ^efficient  with  respect  to 
the  reference  model  by  0.173  log  units.  Vertical  bars  represent  the  standard  error  of  a  single  observation. 
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STUDY  OF  HIGH  FREQUENCY  SEISMIC  RECORDINGS  IN  FENNOSCAMDLA 
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NTNF/NORSAR 

P.O.  Box  51,  N-2007  Kjeller,  Norway 


OBJECTIVE 


The  objective  of  this  study  is  to  assess  the  characteristics  of  seismic 
signals  and  noise  at  high  frequencies,  and  in  this  context  develop  methods 
for  improved  detection  and  characterization  of  regional  and  teleseismic 
phases.  In  particular,  processing  techniques  exploiting  the  potential  of 
high-frequency  arrays  are  emphasized. 


RESEARCH  ACCOMPLISHED 


Data  sources  for  this  study  have  included  ti e  NORESS  array  and  the  asso¬ 
ciated  High  Frequency  Seismic  Element  (HFSE)  in  Norway  and  an  experimental 
small-aperture  array  (FINESA)  in  Finland. 

A  description  of  NORESS  may  be  found  in  Mykkeltveit  et  al  (1985).  The  array 
diameter  is  3  Li,  with  25  seismometer  sites  arranged  in  four  concentric 
circles.  The  HFSE  is  a  three-component  system  located  at  the  NORESS  center. 
The  sampling  rate  is  125  Hz,  which  permits  a  much  greater  bandwidth  to  be 
recorded  than  for  the  NORESS  system  which  lias  40  Hz  sampling. 

The  FINESA  arraj  has  been  described  by  Korhonen  et  al  (1987).  This  experi¬ 
mental  array,  which  is  located  at  61.4*N,  2b.l'E  near  the  town  of  Heinola, 
Finland,  currently  comprises  10  seismometer  sites  over  an  area  approxima¬ 
tely  1.5  km  in  diameter.  Data  are  normally  recorded  in  an  event-triggered 
mode,  with  a  sampling  rate  of  40  Hz. 

N_0 REJlS^vl NES A  comparison 

An  important  part  of  our  research  program  has  been  to  determine  whether  the 
excellent  array  processing  results  documented  from  the  NORESS  deployment 
can  be  duplicated  at  other  array  sites  in  Fennos ~andia.  To  this  end,  we 
have  analyzed  in  detail  recordings  from  the  FINESA  array,  and  made  com¬ 
parison  to  NORESS. 

As  an  example,  Fig.  1  shows  the  respective  NORESS  and  FINESA  spatial  corre¬ 
lations  of  noise  as  a  function  of  sensor  separation  in  4  selected  frequency 
bands.  We  note  that  the  correlation  characteristics  are  similar,  in  par¬ 
ticular  the  strong  negative  correlation  at  selected  distance/frequency  com¬ 
binations  is  present  also  at  FINESA,  and  appears  to  be  at  least  as 
pronounced  as  for  NORESS.  The  noise  level  at  FINESA  is  simi^r  to  that 
of  NORESS  in  the  0-2  Hz  band,  and  slightly  higher  in  the  2-15  Hz  band. 


The  signal  frequency  contents  at  FINESA  are  comparable  to  those  observed  at 
NORESS,  given  similar  epicentral  distance.  Signal  correlation  across  the 
array  is  high,  as  expected,  except  at  very  high  frequencies.  A  noteworthy 
feature  at  FINESA  is  the  presence  of  strong,  coherent  Rg  waves  (1  second 
period)  for  explosions  out  to  more  than  200  km  distance.  In  contrast, 

NORESS  does  not  observe  Rg  beyond  50-60  km. 

The  phase  identification  capability  of  the  initial  FINESA  deployment  has 
been  evaluated  using  both  single  frequency  and  broadband  f-k  analysis.  The 
estimated  phase  velocities  are  generally  reliable  indicators  of  phase  type 
(primary  or  secondary),  although  the  separation  is  not  100  per  cent.  The 
resolution  is  not  sufficient  to  separate  Sn  from  Lg  on  phase  velocity 
alone,  a  result  also  found  at  NORESS.  Azimuth  estimates  are  sufficiently 
accurate  for  successful  phase  association;  median  error  was  found  to  be 
about  5  degrees  both  for  P  and  S,  using  automatic,  single  frequency  f-k 
estimation. 

NO RE_SS_noijse_sup£ression_c  apabilit^ 

Earlier  case  studies  have  shown  that  the  spatial  noise  correlation  proper¬ 
ties  at  NORESS  can  be  exploited  to  achieve  better  than  /N  gain  in  beam¬ 
forming  (N  =  no.  of  sensors).  We  have  conducted  a  systematic  study  of  this 
topic  over  the  past  year,  by  regularly  computing  noise  suppression  charac¬ 
teristics  for  various  NORESS  subgeometries,  using  an  automatic  aLgorithm 
that  is  activated  once  per  hour. 

The  study  has  shown  that  NORESS  noise  suppression  characteristics  are 
remarkably  stable  over  time,  and  show  no  strong  dependency  on  the  noise 
level  (e.g.,  suppression  during  nighttime  and  daytime  is  similar,  even 
though  the  actual  noise  level  is  quite  variable).  We  have  found  that  (a) 
better  than  /N  suppression  can  be  consistently  achieved  at  selected  fre¬ 
quencies  and  subconfigurations  and  (b)  at  selected  frequencies  a  sub¬ 
geometry  can  outperform  the  full  array. 

Examples  of  the  results  for  a  typical  one-week  period  are  shown  in  Fig.  2. 
Noise  suppression  is  here  defined  as  the  ratio  between  the  power  spectrum 
of  an  infinite  velocity  beam  and  the  average  single  sensor  power  spectrum. 
The  upper  part  of  the  figure  shows  results  when  lorraing  a  beam  from  all  25 
NORESS  SPZ  instruments,  the  bottom  part  corresponds  to  selecting  the  17 
element  subarray  (TELEV)  consisting  of  A0  plus  the  C  and  D  rings.  It  is 
evident  that  the  TELEV  subarray  in  comparison  to  the  full  array  provides  a 
much  improved  noise  suppression  at  frequencies  below  3  Hz  (typical  of  tele- 
seismic  events),  in  particular  near  2.0  Hz. 

Noist;  spectral_studies 

Using  data  recorded  both  by  NORESS  and  the  HFSE,  the  variability  of  seismic 
noise  spectra  as  a  function  of  time  has  been  studied,  using  an  automatic 
hourly  computational  procedure.  Fig.  3  shows  in  the  upper  half  the  results 


from  a  typical  week,  plotting  spectral  level  at  selected  frequencies  as  a 
function  of  time.  Note  that  diurnal  variations  are  prominent  especially 
during  weekdays  at  frequencies  above  2  Hz,  whereas  such  variations  are 
modest  at  lower  frequencies. 

In  the  lower  half  of  Fig.  3,  the  spectral  levels  at  a  fixed  time  of  day  (02 
hours  local  time)  are  plotted  for  an  approximately  one-year  period.  Again, 
we  see  a  difference  between  no.se  at  low  (0.5  Hz)  and  higher  frequencies. 

The  noise  level  at  0.5  Hz  is  clearly  seasonally  dependent,  and  is  con¬ 
sistently  high  during  winter  months.  A  noteworthy  feature  is  the  strong 
rise  in  high  frequency  noise  during  April/May,  this  appears  to  be  a  sea¬ 
sonal  feature  attributable  to  strongly  increased  water  flow  in  nearby  rivers. 

Hi£h_f _r e^u en cy_s_ig _na_l  sp^c_tra 

We  have  analyzed  HFSE  recordings  for  recent  Soviet  underground  nuclear 
explosions  in  order  to  determine  the  amount  of  high  frequency  contents  that 
can  be  observed  at  NORESS.  Fig.  4  shows  spectra  of  the  Semipalatinsk  explo¬ 
sions  of  Feb  26  (Degelen  Mountains)  and  March  12  (Shagan  River)  1987.  Both 
events  were  assigned  mj,  =  5.4  by  PDE,  whereas  the  NORESS  measurements  were 
5.8  and  6.3,  respectively.  The  spectrum  of  the  Shagan  River  event  is  higher 
in  the  band  0-10  Hz,  whereas  the  two  spectra  are  similar  above  10  Hz.  The 
signal  stays  above  the  noise  level  up  to  about  20  Hz. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  FINESA-N0RESS  comparison  has  shown  that  many  of  the  signal  and  noise 
chararcteristics  that  contribute  to  the  impressive  NORESS  performance  may 
be  found  also  at  other  sites  in  Fennoscandia. 

Extensive  analysis  of  NORESS  data  over  a  one-year  period  has  demonstrated 
that  better  than  /N  gain  can  be  obtained  consistently  in  selected  fre¬ 
quency  bands,  using  special  subgeometries  of  the  array. 

Both  on  a  diurnal  and  seasonal  basis,  the  variations  in  NORESS  noise  level 
are  significant,  and  this  must  be  taken  into  account  when  using  the  array 
in  a  network  capability  assessment  context. 

Underground  nuclear  explosions  at  teleseismic  distances  recorded  at  NORESS 
show  considerable  amounts  of  high  frequency  energy.  For  Semipalatinsk 
explosions,  signal  energy  exceeds  the  noise  level  up  to  about  20  Hz  for 
magnitude  5  events. 

Therefore,  in  a  geological  and  tectonic  environment  similar  to  that  of  the 
NORESS  site,  high  frequency  recording  systems  (with  a  sampling  rate  of  at 
least  40  Hz)  will  be  important  not  only  for  local  and  regional  events,  but 
also  for  the  teleseismic  monitoring. 
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Comparison  between  NORESS  and  FINESA  of  average  noise  correiation  as  a  function  of  intersensor  distance 
Four  frequency  bands  are  shown.  The  plots  indicate  the  range  of  correlation  curves  for  the  two  arrays 
based  on  six  noise  samples  each  of  iiO  sec  length.  Note  the  similarity  for  the  two  arrays. 
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The  top  part  shows  variations  in  noise  levels  (averaged  across 
NORESS)  at  five  selected  frequencies  for  a  one-week  period.  Note 
the  significant  diurnal  variations  during  workdays  at  high 
frequencies.  The  bottom  part  shows  noise  levels  at  the  same  five 
frequencies  sampled  at  02  hours  local  time  only,  for  a  one-year 
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Fig.  A  Ground  motion  power  spectra  (nm  / Hz)  for  two  nuclear 

explosions  at  Semipalatinsk,  recorded  at  the  NORESS  High  Fre¬ 
quency  Seismic  Element.  Corresponding  noise  spectra  are  also 
shown.  Note  the  presence  of  high  frequency  signal  energy 
exceeding  the  noise  level  up  to  about  20  Hz. 
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CHARACTERISTICS  OF  REGIONAL  SEISMIC  SIGNALS 
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INTRODUCTION 

The  Center  for  Seismic  Studies  has  been  using  NORESS  data  to  test  a  number  of 
seismic  analysis  techniques  as  DARPA  workstation  tools,  with  the  overall  aim  of  increas¬ 
ing  information  derived  from  regional  seismic  data.  Work  to  date  has  included  the 
extraction  of  frequency-domain  spectral  parameters,  time-domain  autoregressive  parame¬ 
ters,  and  particle-motion  information.  The  data  set  being  used  for  testing  includes 
NORESS  recordings  of  approximately  100  events  (primarily  quarry  blasts  and  small 
earthquakes)  in  Scandanavia  and  the  western  Soviet  Union,  generally  at  distance  ranges 
of  1,000  km  or  less. 

Of  these  techniques,  polarization  analysis  has  been  given  the  most  attention,  and  the 
first  part  of  this  report  focuses  on  that  method.  A  second  section  illustrates  all  the  tech¬ 
niques  by  application  of  the  various  analysis  tools  in  an  attempt  to  identify  an  event  more 
than  2,000  km  from  the  NORESS  array. 

PARTICLE-MOTION  ANALYSIS 

Objectives. 

Objectives  in  the  research  on  seismic-wave  particle  motions  have  been  the  following: 

-  Develop  robust  and  versatile  algorithms  for  processing  three-component  seismic  data 
and  extracting  quantitative  polarization  information  using  both  single-stations  (i.e., 
networks)  and  arrays  of  three-component  sensors. 

-  Determine  what  type  of  information  can  be  extracted  from  three-component  seismo¬ 
grams  and  under  what  circumstances.  For  example,  what  are  the  best  algorithms  to 
use,  how  does  particle-motion  information  behave  as  a  function  of  the  signal- to-noise 
level,  what  frequency  bands  to  use,  how  to  select  the  time  windows,  and  what  parame¬ 
ters  should  be  extracted  in  order  to  provide  the  most  useful  polarization  information? 

-  Implement  the  polarization  analyses  in  both  interactive  seismic  workstation  mode  and 
automatic  on-line  '’post-detection”  mode.  The  processing  modules  need  to  be  compu¬ 
tationally  efficient  and  straightforward  to  implement  in  order  to  accomplish  this. 

-  Evaluate  the  usefulness  of  polarization  processing  of  short-period  and  high-frequency 
data  for  identifying  regional  seismic  phases,  discriminating  explosions  from  earth¬ 
quakes,  and  constructing  particle-motion  "signatures”  to  identify  events  from  repeated 
sources. 
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Research  Accomplished. 

After  considering  numerous  polarization  algorithms  available  in  the  literature,  a 
time-domain  method  is  being  used  which  is  based  on  the  work  of  Flinn  (1965).  This 
approach,  which  is  based  on  least  squares,  is  robust,  efficient  and  versatile.  Modifications 
to  the  original  algorithm  were  made  to  estimate  polarization  in  discrete  frequency  bands, 
and  particle-motion  parameters  are  extracted  from  the  data  as  a  function  of  time  and  fre¬ 
quency  with  no  attempt  at  actually  performing  polarization  filtering.  An  important 
feature  of  the  underlying  approach  is  that  it  can  be  easily  extended  to  an  array  of  three- 
component  sensors  by  the  method  of  covariance-matrix  averaging  (Jurkevics,  1986a, b). 
Theory,  synthetic  tests  and  analyses  of  real  data  all  show  that  the  advantage  gained  by 
using  an  array  of  three-component  sensors  is  1/N  in  estimation  variance,  where  N  is  the 
number  of  stations  in  the  array.  The  time  windows  are  generally  sufficiently  long  that  a 
time  shifting  between  array  elements  is  not  needed  during  the  averaging.  Thus  polariza¬ 
tion  is  estimated  in  a  consistent  manner  using  both  single  stations  in  a  regional  network 
or  multiple  stations  in  an  array. 

Software  has  been  developed  for  performing  interactive  polarization  analysis  on  a 
SUN  graphics  workstation  using  either  single-station  networks  or  array  data.  Various 
polarization  characteristics  can  be  extracted  and  displayed  in  different  frequency  bands 
and  time  resolutions  using  short-period,  long-period  or  high-frequency  data. 

Two  empirical  studies  of  polarization  characteristics  of  regional  waves  have  been 
conducted.  The  first  study  by  Antoinette  Campanella  entails  more  than  60  recordings 
from  RSTN  stations  during  the  1985  GSETT.  This  analysis  evaluates  the  capability  of 
estimating  the  source  back  azimuths  using  a  network  of  three-component  stations.  Both 
short-period  P  waves  and  long-period  Rayleigh  waves  are  used.  The  second  study 
involves  95  regional  events  recorded  on  the  multiple  three-component  set  of  the  NORESS 
array.  Here,  emphasis  is  placed  on  distinguishing  regional  seismic  phases,  estimating 
source  azimuths  and  identifying  source  and  propagation  characteristics. 

An  important  consideration  in  these  empirical  analyses  is  to  determine  the  optimum 
manner  for  implementing  the  polarization  algorithm  in  an  automatic  mode  in  a  processor 
such  as  RONAPP  or  the  one  being  developed  by  SAIC  for  the  new  expert  system.  For 
example,  the  polarization  results  for  detection  are  sensitive  to  the  choice  of  extraction 
window  and  frequency,  so  a  fixed  set  of  frequency  bands  and  a  time  window  based  on  the 
envelope  shape  are  recommended. 

The  concept  of  using  seismic  "signatures”  of  particle  motions  for  identifying  events 
from  fixed,  known  sources  is  being  evaluated.  This  has  been  done  using  repeated  blasts 
from  several  mines  as  well  as  nearby  earthquakes  recorded  at  NORESS.  The  particle- 
motion  signatures  consist  of  the  six  elements  of  the  particle-motion  covariance  matrix  as 
a  function  of  time  in  several  bands.  Experiments  show  that  using  the  covariance-matrix 
cros»- terms  provide  important  signature  information  not  available  in  just  the  auto-terms 
(i.e.,  in  just  the  signal  envelopes). 

Three-component  analysis  of  high-frequency  data  was  begun  but  has  been  post- 
phoned  due  to  apparent  distortions  in  the  horizontal  channels  in  the  high-frequency 
records  from  NORESS.  Since  the  high-frequency  sensor  has  been  redeployed,  an  analysis 
will  be  carried  out  soon  to  determine  applicability  of  the  high-frequency  horizonatal  com¬ 
ponents  to  the  topics  listed  above. 
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Conclusions  and  Recommendations 

Preliminary  results  of  the  RSTN  data  study  show  that  the  azimuth  error  varies 
between  stations.  P  waves  give  better  azimuths  than  Rayleigh  waves.  All  of  the  events 
taken  together  show  that  one  standard  deviation  of  the  P  azimuth  error  varies  from  21  * 
at  RSON  to  55  *  at  RSSD,  while  Rayleigh  waves  have  standard  deviations  of  around  55  * 
at  all  the  stations  (many  of  these  events  were  teleseisms). 

The  analysis  using  NORESS  data  indicates  that  the  regional  phases  can  be  well  dis¬ 
tinguished  by  polarization  characteristics.  Pm  and  P  particle  motions  are  rectilinear, 
while  5-  and  La  motions  tend  to  be  planar  by  nature.  P  can  be  separated  from  P.  by  the 
orientation  of  rectilinear  motion  and  S%  from  Lf  by  the  orientation  of  planar  motion,  with 
a  confidence  of  better  than  about  80%  .  This  result  is  by  strictly  using  polarization  infor¬ 
mation  and  does  not  include  the  relative  spectral  exitation  or  F-K  velocities.  Pn  particle- 
motions  have  a  more  steeply-incident  orientation  than  of  Pf  waves,  which  is  consistent 
with  their  propagation  characteristics.  S%  waves  have  approximately  equal  radial  and 
transverse  components  and  vertical  components  which  are  smaller  than  the  horizontals. 
This  implies  that  the  steeply-incident  S%  waves  contain  both  Sg  and  Sy  components.  5a 
particle  motions  are  very  well-defined  across  the  entire  short-period  band  when  there  is 
signal  above  the  noise  (noise  for  S%  usually  means  the  level  of  the  late  P  coda).  Lf  waves 
have  approximately  equal  vertical  and  transverse  components  and  smaller  radial  com¬ 
ponents.  Lf  waves  generally  have  useful  particle-motion  information  only  below  6-8  Hz. 

When  the  signal-to-noise  ratio  is  greater  than  about  1.0,  the  accuracy  of  source  back 
azimuths  from  P%  particle  motions  using  the  multiple  three-component  sensors  at 
NORESS  are  very  similar  to  the  F-K  results  using  all  25  vertical  channels.  When  the  S/N 
goes  below  1.0,  the  quality  of  the  polarization  estimates  degrade.  The  errors  in  source 
azimuth  using  the  minimum  horizontal  component  of  Lf  waves  are  about  twice  as  large  as 
the  errors  from  the  Pn  waves.  Sn  phases  do  not  appear  useful  for  estimating  source 
azimuth. 

The  analyses  done  so  far  have  utilized  particle-motion  information  for  source 
discrimination  in  indirect  rather  than  direct  ways.  Particle-motion  signatures  are  used  to 
identify  events  from  fixed  known  sources  and  the  use  of  horizontal  as  well  as  vertical  com¬ 
ponents  for  computing  the  amplitudes  of  regional  phases  gives  more  stable  estimates. 
Polarization  attributes  computed  for  P  coda  are  useful  for  identifying  arrivals  of  reflected 
and  depth  phases,  which  may  remain  hidden  by  simply  plotting  amplitudes. 

Preliminary  results  indicate  that  three-component  information  above  15  Hz  is  impor¬ 
tant,  particularly  since  Sn  as  well  as  PB  signals  are  present  at  these  higher  frequencies. 
More  research  is  being  planned  to  evaluate  the  use  of  particle-motion  information  at  fre¬ 
quencies  above  15  Hz  and  to  apply  particle-motion  information  more  directly  to  the  prob¬ 
lem  of  source  identification. 

Experience  in  particle-motion  analysis  of  regional  events  to  date  suggests  the  follow¬ 
ing  additional  points: 

-  For  signal-to-noise  levels  greater  than  1.0,  an  array  of  about  4  three-component  sensors 
gives  location  and  phase  identification  capabilities  which  are  comparable  to  a  full 
array  of  25  vertical  channels. 

•  Horizontal  components  are  important  in  regional  analysis  and  should  be  included  in 


detection  and  phase  identification. 

-  Polarization  analysis  can  be  very  efficient  and  automated  and  should  be  included  in  any 
on-line  processing  scheme. 

-  Particle-motion  information  is  valuable  for  phase  identification  and  augments  F-K 
analysis  for  this. 

THE  DISCRIMINATION  PROBLEM 

As  an  example  of  the  regional  discrimination  problem  we  analyzed  an  mt(NEIS)  4.6 
event  that  occurred  on  1  August  1986,  during  the  recent  Soviet  nuclear  testing  morato¬ 
rium.  A  master-event  relocation  of  the  event  gave  a  location  at  73.02  *  N,  56.50  *  E,  south 
of  Matochkin  Shar  strait  on  the  eastern  shore  of  Novaya  Zemlya,  USSR.  Both  the  NEIS 
and  Moscow  Data  Center  locations  were  farther  inland.  Of  34  events  that  occurred 
within  200  km  of  this  event  during  a  20-year  period  prior  to  1986,  all  except  four  appear 
to  have  been  underground  nuclear  tests  and  the  others  were  probably  aftershocks  of  one  of 
the  explosions. 

Objective. 

Our  analysis  of  this  event  was  motivated  by  three  considerations:  (1)  At  a  distance 
range  of  22.7  *  from  NORESS,  it  offered  the  opportunity  to  extend  previous  research  on 
discriminants  to  larger  distance.  In  a  CTBT  the  ability  to  utilize  data  at  such  ranges  for 
identification  of  small  events  would  be  extremely  useful.  (2)  It  provided  a  possible  way  to 
evaluate  recent  claims  by  Evernden  et  aL  (1986),  that  explosion  source  functions  are 
richer  in  high  frequencies  than  those  of  earthquakes,  and  that  high-frequency  signals  pro¬ 
pagate  extremely  efficiently  over  much  of  the  USSR.  (3)  It  presented  a  unique  opportun¬ 
ity  to  compare  signals  of  a  small  underground  explosion  at  the  Novaya  Zemlya  test  site  in 
1977  with  those  of  a  presumed  tectonic  event  within  about  50  miles  of  the  test  site.  Most 
identification  studies  in  the  literature  have  combined  tests  in  one  area  with  earthquakes  in 
different  areas. 

Results. 

Figure  1  shows  a  comparison  of  NORSAR  recordings  of  the  1  August  event  with  a 
magnitude  (mt)  4.6  presumed  explosion  at  the  nearby  test  site,  on  9  October  1977.  The 
top  part  of  the  figure  indicates  more  variation  in  signal  character  between  the  different 
subarrays  for  a  single  event,  than  between  the  two  events  recorded  on  the  same  instru¬ 
ment.  Maximum  amplitudes  vary  by  about  a  factor  of  three  across  the  array  for  the  1977 
shot  and  by  a  factor  of  about  two  for  the  1986  event.  The  bottom  of  the  figure  indicates 
that  the  envelope  of  the  events  was  essentially  identical  for  the  P  through  Lg  phases,  in 
contrast  to  an  expectation  by  Evernden  et  oL  that  a  tectonic  event  should  have  large 
high-frequency  shear  waves. 

The  1986  event  was  also  compared  with  an  announced  PNE  in  the  Ural  Mountains 
on  28  March  1987,  and  a  number  of  techniques  being  tested  as  seismic  workstation  tools 
at  the  Center  failed  to  discriminate  these  two  events.  Spectral  ratios  at  frequencies  of  0.4 
and  4  Hz  for  the  PNE  and  the  Novaya  Zemlya  event  were  very  similar,  and  different  from 
earthquakes  at  the  same  distance  range  in  southern  Europe.  Parameters  determined  from 
polarisation  analysis  did  not  discriminate  between  the  PNE  and  Novaya  Zemlya  event, 
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nor  could  they  be  separated  on  the  basis  of  signal  complexity  or  first  motion.  Results  of 
autoregressive  spectral  analysis  (Dysart,  1986)  were  compared  for  these  events  and  a 
number  of  earthquakes,  and  were  not  diagnostic.  In  terms  of  the  AR  parameters,  the 
1986  and  1977  Novaya  Zemlya  events  were  indistinguishable.  The  only  analysis  suggest¬ 
ing  that  the  1986  event  was  earthquake-like  was  the  Mt:m k  ratio  (3.4:4.3),  a  type  of 
analysis  that  could  not  be  used  for  smaller  events  of  interest  to  a  CTBT. 

Conclusions  and  Recommendations. 

These  results  suggest  that  path  effects  are  more  important  than  source  effects  in 
determining  the  character  of  signals  at  distances  around  2,000  km.  They  also  illustrate 
the  difficulty  of  identifying  a  well-recorded  seismic  event,  with  magnitude  equivalent  to  a 
tamped  underground  nuclear  explosion  of  a  few  kilotons,  located  near  a  well-studied  test 
site,  in  a  stable  geologic  region.  Far  greater  difficulties  would  be  encountered  in  attempt¬ 
ing  to  use  a  limited  number  of  seismic  stations  to  detect,  locate  and  identify  much  smaller 
earthquakes,  mine  blasts  and  possible  decoupled  nuclear  explosions  in  all  parts  of  the 
USSR. 

Evaluation  of  proposed  regional  discrimination  techniques  should  emphasize  record¬ 
ings  earthquakes  and  explosions  located  in  the  same  area,  and  should  concentrate  on  dis¬ 
tance  ranges  of  1,000-2,000  km  —  i.e.,  distances  that  will  be  of  primary  interest  to  verifi¬ 
cation  of  a  CTBT. 
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Spectral  Determination  of  Regional  and  Teleseismic  Lg 
Attenuation  and  Source  Multiplicity  in  Explosions 

Douglas  R.  Baumgardt 
ENSCO,  Inc. 

5400  Port  Royal  Road 
Springtield,  Virginia  22151  -  2388 

Objectives 

This  study  has  addressed  the  problem  of  measuring  the  anelastic  attenuation  of  Lg  phases, 
recorded  at  regional  and  teleseismic  distances,  and  the  spectral  characterization  of  explosion 
sources  using  regionally  recorded  crustal  phases.  These  two  studies  are  related  in  that  source- 
receiver  propagation  effects,  in  particular,  attenuation,  must  be  corrected  for  before  seismic 
events  can  be  identified  on  the  basis  of  their  signal  characteristics. 

The  study  of  Lg  attenuation  has  been  motivated  by  studies  by  Nuttli  (1986,a,b)  of  abso¬ 
lute  yield  estimation  of  nuclear  explosions  using  magnitude  measurements  of  Lg  waves.  The 
estimation  of  mb(Lg )  requires  that  Lg  amplitudes  be  corrected  for  distance-dependent  attenua¬ 
tion.  Nuttli  (1986,  a,b)  used  frequency  measurements  in  the  Lg  coda  to  make  a  single-station 
estimation  of  Lg  Q.  Nuttli  (1986a)  showed  how  spectral  measurements  could  be  used  to  con¬ 
strain  the  frequency-dependence  of  Lg.  In  this  study,  two  spectral  methods  for  estimating  Lg 
Q  have  been  investigated,  both  of  which  fit  attenuation  models  to  the  spectral  shape  of  Lg 
spectra,  after  correction  for  noise,  instrument,  and  source.  These  techniques  were  then  applied 
to  digital  high-frequency  data  for  events  at  NTS  and  at  the  Eastern  Kazakh  test  site  in  the 
USSR,  and  the  resulting  Lg  attenuation  values  compared  to  those  estimated  by  the  coda 
method.  Because  Lg  waves  have  higher  signal-to-noise  ratios  than  coda  waves,  the  spectral 
method  may  be  more  useful  for  estimating  Lg  attenuation  for  smaller  and  more  distant  explo¬ 
sions  than  the  coda  method  if  it  can  be  shown  that  the  spectral  Q  estimates  are  comparable  to 
the  coda  estimates  for  larger  explosions. 

The  second  study  followed  up  on  results  of  an  earlier  study  of  teleseismic  Lg  waves  from 
PNE’s  in  the  USSR  that  indicated  that  these  explosions  may  have  been  multiple  events 
(Baumgardt,  1986).  Source  multiplicity  was  revealed  by  the  presence  of  modulation  patterns  or 
"scalloping’’  in  spectra  computed  for  P -cod as,  Sn  and  Lg  waves.  These  spectral  modulation  pat¬ 
terns  biased  the  determination  of  attenuation  of  Lg  by  the  spectral  method.  The  purpose  of  this 
study  was  to  determine  if  such  spectral  characteristics  can  be  found  in  known  multiple  explo¬ 
sions,  such  as  mine  blasts  with  "ripple  fire".  We  also  investigated  the  application  of 
homomorphic  deconvolution  (cepstral  analysis)  for  studying  multiple  explosions  and  for  remov¬ 
ing  the  scalloping  effects  from  regional  phase  spectra  so  as  not  to  bias  spectral  Q  estimation. 

Research  Accomplished 

Lg  Attenuation.  Spectral-shape  estimation  procedure  procedure  has  been  developed  to  invert 
for  average  whole-path  crustal  attenuation.  Smooth  Lg  spectra  were  determined  by  two 
methods:  multiple  Gaussian  bandpass  filtering  for  single-channel  data  and  multichannel  suck¬ 
ing  of  Fourier  spectra  of  array  dau.  The  spectra  were  corrected  for  noise,  instrument,  and 
source  effects.  For  the  source  correction  ,  the  von  Seggem  and  Blandford  (1972)  source  model 


was  assumed,  us.ng  a  hardrock  potential.  The  resulting  spectra  were  then  fit  to  an  attenuation 
model  in  the  form  of 

A^exp^^)  (1) 

The  frequency  dependence  of  Q  was  assumed  to  be  Q  =  (2o(-^*)^  For  frequency  independent 

/o 

attenuation,  the  spectral  shape  of  log  A  versus  /  is  linear  and  Q  was  determined  by  linear  least 
squares.  For  the  frequency -dependent  case,  substituting  in  for  Q  in  (1)  and  taking  the  log  gives 

Equation  2  gives  a  power-law  relation  between  the  log  A  and  linear  frequency.  Nonlinear 
inversion  of  Lg  spectra  for  log  Aq,  Qq,  and  £  using  (2)  is  difficult  because  of  strong  tradeoffs 
between  Qq  and  C  Stable  estimates  of  Qq  and  £  were  obtained  by  inverting  for  Q0  by  least 
squares,  assuming  a  range  of  values  for  £  (between  0  and  1)  and  log  A,  and  searching  for  the 
values  that  give  the  minimum  variance. 

Lg  attenuation  estimates  were  made  for  15  NTS  explosions  recorded  at  the  4  Lawrence- 
Livermore  network  stations,  MNV,  KNB,  LAC,  and  ELK.  Examples  of  spectral  fits  are  shown 
in  Figure  1  and  the  average  results  are  given  in  Table  1.  Also  shown  in  Table  1  are  the  results 
of  Nuttli  (1986  a)  for  the  Basin  and  Range  stations,  BKS,  DUG,  and  TUC.  We  find  that  the 
values  of  attenuation  are,  on  average,  comparable  although  the  spectral  Lg-Q0  estimates  seem 
to  be  smaller  than  those  for  estimated  Nuttli  by  the  coda  method.  Table  2  compares  estimates 
of  Lg  attenuation  at  NORESS  with  those  of  Nuttli  (1986b)  for  the  Scandinavian  stations,  COP, 
KEV,  KON,  NUR,  and  UME.  Again,  our  results  are  comparable  to  those  Nuttli,  although  the 
Q0  values  for  the  spectral  method  are  slightly  lower  than  those  of  the  coda  method. 

Multiple  Explosions.  The  spectral  stacking  method  was  used  to  compute  smooth  spectra  for 
mine  blasts  and  earthquakes  in  western  Norway  recorded  a:  the  NORESS  array.  Spectra  were 
computed  for  the  crustal  phases,  Pn,  Pg,  Sn,  and  Lg  and  compared  on  offset  plots,  such  as 
those  shown  in  Figure  2.  Cepstra  were  computed  by  Fourier  transforming  each  of  the  spectra 
for  the  phases,  and  are  also  shown  in  Figure  2.  The  cepstral  analysis  approach  is  described  in 
more  detail  in  Baumgardt  and  Ziegler  (1987).  Comparison  of  the  spectra  and  cepstra  cf  the 
explosions  and  earthquakes  shows  that  many  mine  blasts  have  consistent  modulation  pa  terns 
for  each  phase.  These  patterns  are  not  seen  in  the  earthquake  spectra.  The  cepstral  analysis 
technique  shows  that  the  delay  times  for  *he  multiple  explosions  are  between  80  and  150  ms, 
which  are  consistent  with  the  millisecond  or  "fast"  type  delays  commonly  used  in  mine  blast¬ 
ing.  Similar  analysis  has  also  been  applied  to  the  PNE  explosions,  recorded  at  the  NORSAR 
array,  which  indicate  delays  on  the  order  of  0.5  to  1.0  s.  Using  homomorphic  deconvolution, 
or  cepstral  liftering,  the  modulations  in  the  mine-blast  and  PNE  spectra  can  be  removed.  We 
found  that  the  deconvolved  spectra  of  the  mine  blasts  closely  resembled  those  of  the  earth¬ 
quakes.  Also,  the  d«.  convolved  PNE  spectra  more  closely  resembled  those  of  nearby  PNE’s,  in 
terras  of  their  high-frequency  spectral  slopes,  which  do  not  appear  to  be  multiple  events. 


Conclusions  and  Recommendations 
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This  study  has  resulted  in  the  following  conclusions: 

(1)  The  least-squares  spectral-shape  fitting  method  produces  consistent  values  of  Lg  attenua¬ 
tion  which  are  reasonably  consistent  with  those  estimated  by  other  methods. 

(2)  For  the  LLNL  data,  narrowband  (0  to  5  Ha)  estimates  of  Lg  attenuation  give  lower  values 
of  Go  znd  higher  values  of  £  than  broadband  (0  to  10  Hz)  estimates.  This  indicates  that, 
in  addition  to  Q  being  frequency  dependent,  with  Q  increasing  with  frequency,  the  fre¬ 
quency  dependence  itself,  £,  is  also  frequency  dependent,  with  Q  becoming  less  fre¬ 
quency  dependent  at  higher  frequencies. 

(3)  All  our  spectral  Q  estimates  were  made  using  the  hard  rock  potential  in  the  von  Seggem 
and  Blandford  source  correction,  even  for  events  in  tuff.  Using  the  tuff  potential  results  in 
unreasonably  high  values  of  Q  for  events  in  tuff.  This  suggests  that  Lg  spectra  are  rela¬ 
tively  insensitive  to  explosion  media  rock  types,  or  that  depth  of  burial  may  result  in  Lg 
spectra  in  tuff  which  resemble  those  in  harder  rock. 

(4)  Source  multiplicity  can  easily  be  identified  in  explosions  using  broadband  data.  NORESS 
can  resolve  delay  times  as  short  as  50  ms.  This  may  provide  a  method  for  distinguishing 
between  mine  blasts  and  earthquakes.  The  fact  that  many  PNEs  in  Russia  are  multiple 
explosions  should  be  taken  into  account  when  estimating  yields  of  these  events. 

(5)  After  removing  the  spectral  modulations  from  the  mine-blast  spectra,  they  more  closely 
resembled  the  spectra  of  nearby  earthquakes  which  occurred  on  land. 

These  studies  suggest  the  following  additional  studies: 

(1)  Using  data  from  stations  in  the  LRSM  and  VELA  networks,  joint  inversions  for  source 
potential  and  attenuation  of  Lg  should  be  accomplished  using  spectral  magnitudes  and 
constraining  the  attenuation  model  to  fit  the  spectral  shapes. 

(2)  Using  higher-frequency  broadband  data  from  the  new  HFSE  recording  element  at 
NORESS,  try  to  resolve  multiple  explosion  delays  smaller  than  50  ms. 
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TABLE  1 

BASIN  AND  RANGE  LG  Q  ESTIMATES 


Station 

Delta 
(  Km  ) 

Azimuth 

(Deg.) 

Q  (Frequency 
Independent) 

Qo 

C 

LLNL  SPECTRAL  ESTIMATES 

KNB 

285 

90 

37 1±  53  (0-10Hz) 

111±  54 

0.5±  .16 

280±  42  (0-5Hz) 

58±  21 

0.7±  .13 

ELK 

415 

9 

484±  42  (0-10Hz) 

262±  58 

0.3±  .05 

529±  92  (0-5Hz) 

1 17±  45 

0.6±  .13 

LAC 

298 

187 

374±  41  (0-10Hz) 

161±  57 

0.3±  .12 

338±  72  (0-5Hz) 

56±  39 

0.7±  .09 

MNV 

242 

310 

305±  54  (0-10Hz) 

111±  63 

0.4±  .10 

24 0±  38  (0-5Hz) 

81±  27 

0.5±  .11 

NUTTLI  CODA  ESTIMATES 

BKS 

557 

281 

. 

139 

0.6 

DUG 

446 

38 

- 

155 

0.6 

TUG 

712 

136 

162 

0.6 

TABLE  2 

SHAGAN  RIVER  LG  Q  ESTIMATES 


Q  (Frequency 

Event  Independent)  Q 


NORESS  SPECTRAL  ESTIMATES 

1 

1328 

455 

0.6 

2 

1358 

463 

0.6 

3 

1399 

423 

0.6 

4 

1533 

509 

0.6 

5 

1307 

436 

0.6 

6 

1333 

426 

0.6 

NUTTLI  CODA  ESTIMATES 
Station 

COP  1  -  1  700 

0.4 

KEV 

- 

554 

0.4 

KON 

- 

700 

0.4 

NUR 

- 

580 

0.4 
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FIGURE  1(a)  LLNL  WAVEFORMS  FOR  NTS  EXPLOSION  TURQUOISE. 

(b)  Lg  ATTENUATION  ESTIMATES  FOR  KNB  AND  MNV  IN  3.5  TO  3.2  KM/SEC 
WINDOW.  PRE-Pn  NOISE  AND  Lg  SPECTRA  COMPUTED  BY  BANDPASS  FILTER 
METHOD. 
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Department  oi  Earth  and  Atmospheric  Sciences 
Saint  Louis  University 


OBJECTIVE 

In  order  to  better  estimate  phase  velocities  and  spectral  amplitudes  of  surface  waves,  the  relative  mer¬ 
its  of  different  techniques  are  examined.  We  are  specifically  interested  in  a  comparison  between  multiple 
filter  analysis  estimates  of  spectral  amplitude  and  phase  matched  filters. 


RESEARCH  ACCOMPLISHED 

For  surface-wave  studies,  the  objective  is  to  process  «(t),  the  raw  surface-wave  time  history,  by  a 
series  of  convolutional  filters  designed  for  modal  isolation.  In  the  context  of  this  discussion,  the  definition 
of  "convolution"  is  extended  to  include  the  general  case  of  frequency  varying  filters,  that  is,  filters  that  have 
a  changing  bandwidth  during  the  convolution  operation.  This  will  produce  a  time  signal  (or  spectrum) 
which  can  be  used  for  further  analysis. 

Most  surface-wave  filters  can  be  expressed  by  the  following  relations: 

00 


00 

V(w)  =  /  0(0 

—00 


(2) 


00 

h(t  ,w0)  =  —  J  'F(w)  H(u>—u>0)  c,ul<  dv 

2jt  0 


where 


SM  =  S  I W I 
/ 


(3) 


P{  w)  =  e*'1* 

WAt  ,u»)  =  time  and  frequency  variable  window 
H(v  —  «0)  =  frequency  domain  convolution  filter. 

S(uj)  is  the  total  spectrum  of  the  seismogram,  «(t),  and  is  composed  of  a  sum  of  normal  modes, 
mufti-pathed  signals,  possible  interfering  events  and  phases,  and  incoherent  noise.  The  purpose  of  the 
above  filters  is  to  isolate  the  j’th  mode  of  interest  so  the  amplitude  spectrum  |Sj(u»)  |  and  wavenumber 
spectrum  Jl;(w)  can  be  recovered.  This  is  probably  too  idealistic  a  goal  in  some  cases,  as  pointed  out  by  Der 
(1986).  Due  to  scattering  and  reflections,  there  may  not  be  a  pure  isolated  mode  to  recover.  A  more 


accurate  statement  is  that  the  purpose  of  such  filters  is  to  isolate  seismic  energy  propagating  in  the  vicinity 
of  desired  modes  of  interest. 

P(u)  is  a  phase-matched  filter.  The  wavenumber  estimate  k}  should  be  near  the  true  modal 
wavenumber,  in  order  to  compress  the  energy  of  the  desired  signal  about  zero-lag  in  the  time  domain, 
forming  a  "pseudo-autocorrelation  function"  \l>  (t).  Herrin  and  Goforth  (1977)  discussed  this  in  detail. 

VtA*  >w)  *s  a  rime  and  frequency  variable  window  used  to  isolate  modes  of  interest  and  improve  signal 
to  noise  ratios.  It  is  symmetric  about  position  r  in  the  time  domain,  with  a  width  controlled  by  the  fre¬ 
quency  M. 

Various  combinations  of  the  above  filters  have  been  used  for  modal  isolation,  three  of  which  will  be 
detailed  below. 

Case  1:  P(w)  m  1  ,  Wr(t,uj)  =  l 

This  is  the  basis  for  the  multiple  filter  technique  (MFT)  (Dziewonski  et  al.  ,  1969).  Equations  (l)  and  (2) 
are  simply  Fourier  transforms,  so  the  raw  spectrum  5(u>)  is  input  into  (3),  which  is  the  MFT  evaluated  at 
w0.  H(uj)  is  a  narrow  bandpass  filter  (usually  a  band-limited  Gaussian),  symmetrically  about  i*>0.  The  non¬ 
negative  integral  limits  cause  the  time  signal  A(t,w0)  to  be  complex,  with  the  modulus  having  maxima  at 
the  group  velocities  of  the  signal  modes.  Herrmann  (1973)  showed  that  under  the  condition  of  an  approxi¬ 
mately  flat  amplitude  spectrum  and  linear  phase  delay  of  the  j’th  mode  across  the  width  of  H( w), 

*  A  |5;(w0)  |  -V-oW  (4) 

where  A  is  a  constant  of  proportionality  determined  by  the  frequency  and  the  width  of  the  Gaussian  filter 
H( w),  and  t,  is  the  group  delay  of  the  j’th  mode.  Evaluating  (3)  at  multiple  frequencies  will  extract  the 
spectrum  of  the  j’th  mode,  if  it  is  suitably  smooth. 

Case  2:  W+t  ,u)  -  W^t) 

This  is  the  phase-matched  filter  method  of  Herrin  and  Goforth  (1977).  Wavenumbers  are  found  for  the 
phase-matched  filter  P(w)  by  integrating  the  group  delay  found  in  MFT.  The  window  W0(< )  is  not  fre¬ 
quency  dependent,  so  it  can  be  factored  from  the  integral  in  (1).  It  is  centered  about  zero-lag  in  the  time 
domain.  Equation  (1)  is  now  the  windowed  pseudo- autocorrelation  function,  and  (2)  is  the  phase- matched 
spectrum  of  the  isolated  mode  of  interest. 

The  above  methods  attempt  to  isolate  spectral  modes  of  interest  via  frequency  domain  convolutions. 
As  Dziewonski  and  Hales  (1972)  pointed  out,  the  process  of  convolution  will  distort  the  signal  spectrum 
unless  the  prescribed  filters  are  Dirac  impulses  in  the  frequency  domain.  By  removing  the  phase  of  the  sig¬ 
nal,  PMF  can  reduce  phase  distortion,  but  neither  MFT  or  PMF  address  the  problem  of  amplitude  distor¬ 
tion  due  to  the  convolution  operation.  The  method  presented  in  this  paper  will  utilize  a  frequency  variable 
window  which  will  allow  the  analyst  to  place  maximum  error  bounds  on  the  amount  of  tolerable  amplitude 
bias. 

Case  3:  W^t,u)  =  W^t,u>) 

This  is  the  method  of  frequency  variable  filtering  (FVF).  The  raw  spectrum  S (w)  is  phase-matched  filtered 
to  compress  the  energy  of  the  signal  of  interest  about  zero-lag  in  the  time  domain.  Then,  each  harmonic 
component  of  this  pseudo-autocorrelation  function  is  windowed  about  zero-lag  with  Wo(l,w),  with  the 
width  of  the  window  proportional  to  the  period  of  the  individual  harmonic.  These  operations  are  done  in 
equation  (1),  which  is  then  Fourier  transformed  by  equation  (2)  to  give  the  isolated  modal  spectrum  of 
interest. 

An  advantage  of  FVF  is  that  the  time  window  W0(t,w)  can  be  constructed  at  each  frequency  to 
correct  the  bias  due  to  windowing.  In  designing  the  FVF,  we  prefer  to  use  Parzen  windows  to  window  the 
pseudo-autocorrelation  function  for  calculating  phase  residuals,  and  a  frequency  variable  cosine  window  to 
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correct  the  amplitude  spectrum.  The  width  of  the  window  is  proportional  to: 

I*"  |‘/2 

where|'l/,,|  is  the  modulus  of  the  complex  second  derivative  of  the  Parzen  windowed  pseudo-autocorrelation 
function.  The  constant  of  proportionality  is  determined  by  the  maximum  level  of  acceptable  bias. 

As  a  comparative  test,  we  present  a  typical  oceanic  surface  wave,  which,  for  purposes  of  demonstra¬ 
tion,  is  to  be  considered  as  pure  signal.  Figure  1  shows  the  raw  seismogram,  its  amplitude  spectrum  and 
the  group  velocity  dispersion  contours  from  MFT.  Figure  2  shows  the  results  of  filtering  the  signal,  with 
linear  scaled  residuals  at  the  bottom. 

The  signal  demonstrates  the  limits  of  spectral  resolution  for  the  filters.  All  of  them  miss  the  sharply 
varying  spectral  peak  at  17  seconds,  and  the  null  at  25  seconds.  The  FVF  can  be  designed  to  be  sensitive 
to  this  curvature,  but  this  would  require  time  domain  cosine  windows  with  widths  that  would  make  the 
filter  essentially  all-pass,  reducing  the  effectiveness  in  the  presence  of  noise. 

At  all  other  periods,  both  PMF  and  FVF  adequately  resolve  the  spectrum.  However,  notice  from  the 
residual  plots  that  the  MFT  fails  to  pick  the  secondary  peak  at  25  seconds.  This  is  due  to  the  low  resolu¬ 
tion  of  the  Gaussian  filter  at  that  period. 

Figure  3  shows  the  raw  waveform  and  the  isolated  fundamental  mode  using  the  PMF  and  FVF  tech¬ 
niques.  Note  that  neither  can  duplicate  the  notch  in  the  original  time  series.  This  is  due  to  the  inability  to 
resolve  the  17  second  spectral  peak. 

CONCLUSIONS 

The  method  ofi-'VF  is  a  viable  alternative  to  both  MFT  and  PMF.  It  has  the  advantage  of  explicitly 
addressing  spectral  bias,  which  is  an  unavoidable  side  effect  of  any  type  of  convolutional  smoothing.  As  a 
result,  it  can  be  designed  to  be  more  selective  than  either  PMF  or  MFT,  except  at  points  where  signal  cur¬ 
vature  requires  a  wider  time  window. 

FVF  is  not  always  successful,  as  seen  in  the  example.  To  successfully  extract  the  17  second  peak,  the 
time  windows  would  have  to  be  so  wide  that  the  filter  would  become  all-pass. 

FVF  and  PMF  have  the  advantage  over  MFT  in  that  processing  results  can  be  seen  in  both  the  time 
and  frequency  domains.  It  is  recommended  that  FVF,  and  in  some  cases  PMF,  be  preferred  over  MFT  as 
filters  for  isolating  surface-wave  normal  mode  amplitude  spectra. 
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Fig.  1.  Spectrum  (top)  and  MFT  group  velocity  contours^  (bottom).  Time  domain  seismograms  are 
plotted  to  the  right.  Notice  the  non-linear  time  scale  for  the  MFT  plot.  The  arrow 
indicates  the  17  second  spectral  peak. 
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OBJECTIVE 

Regionally  recorded  seismograms  from  small  earthquakes  and  explosions  in  New  England  are 
generally  very  complex,  and  it  is  usually  difficult  to  identify  specific  phases  other  than  the  initial 
P  wave  and/or  the  onset  of  the  S  wave.  One  phase  that  can  often  be  identified  by  its  waveform  and 
spectral  content  is  the  Rg  phase  Rg  is  a  fundamental  mode  Rayleigh  wave  generated  by  shallow 
focus  earthquakes  and  explosions  These  waves  are  recorded  by  short-period  seismic  stations  in 
New  England,  and  they  are  particularly  prominent  on  seismograms  of  quarry  blasts  (Figure  1) 
The  period  range  of  the  Rg  waves  recorded  in  New  England  is  about  0.2  to  2  5  sec  Source  depth  is 
probably  the  most  significant  factor  affecting  the  amplitude  of  Rg  relative  to  the  other  phases  on 
seismograms,  although  distance  from  the  source  is  also  an  important  factor  since  Rg  appears  to  be 
more  highly  attenuated  than  other  recorded  phases  The  objectives  of  this  research  are  to 
investigate  the  propagation  properties  of  Rg  waves  recorded  in  New  England  and  to  evaluate  Rg  as 
a  depth  discriminant  The  seismograms  of  small  earthquakes  and  explosions  analyzed  in  this  study 
are  recorded  at  stations  of  the  New  England  Seismic  Network  (NESN)  operated  by  Weston 
Observatory 


Many  of  the  sources  U9ed  in  this  study  are  quarry  blasts  One  of  the  first  steps  in  this  research 
was  to  estimate  the  size  of  these  blasts  so  that  the  results  of  this  study  could  be  compared  with 
results  from  other  studies  of  explosions  and  earthquakes.  An  extensive  analysis  of  source  and 
path  properties  of  the  various  recorded  phases  (Pg.  Sg,  Lg.  etc  )  would  be  necessary  to  accurately 
determine  magnitudes  from  the  high-frequency  seismograms.  However,  such  a  procedure  would 
be  a  diversion  from  the  main  goal  of  this  study:  i.e.  to  study  the  Rg  phase  For  the  purposes  of  this 
report.  I  therefore  chose  a  simple  approach  that  provides  a  crude  estimate  of  the  magnitudes  of 
these  events.  In  Figure  3. 1  compare  signal  durations  measured  from  NESN  seismograms  of  quarry 
blasts  with  signal  durations  measured  from  NESN  seismograms  of  earthquakes  that  were  large 
enough  to  calculate  mblc  magnitudes.  The  sample  of  quarry  blasts  used  for  this  comparison  is 
from  a  study  by  Fowler  (1983)  Signal  duration  (measured  in  sec)  is  the  amount  of  time  from  the 
first  arrival  of  the  P  wave  to  the  time  when  the  signal  decays  into  the  background  noise  The  mbit 
magnitudes  were  determined  primarily  from  WWSSN  stations  located  at  Weston.  MA  (WES)  and 
Palisades.  NY  (PAL),  but  for  some  of  the  larger  events  other  WWSSN  stations  were  used.  In  some 
cases  only  one  station  was  used  for  an  mbLg  calculation.  Based  on  the  results  shown  in  Figure  3. 
quarry  blasts  recorded  by  the  NESN  were  generally  found  to  range  in  magnitude  from  about  1  0  to 
16 

In  addition  to  these  magnitude  estimates,  observed  amplitudes  of  Rg  waves  were  used  to  estimate 
seismic  moments  of  the  quarry  blasts  Preliminary  results  suggest  that  the  seismic  moment  of  a 
typical  quarry  blast  in  this  study  is  on  the  order  of  101®  to  1019  dyne-cm 

For  the  larger  quarry  blasts.  Rg  can  sometimes  be  identified  at  distances  up  to  about  100-130 
km  from  the  source,  although  at  those  distances  the  Rg  signals  are  usually  not  very  strong  Only 
the  largest  quarry  blasts  generate  strong  Rg  signals  at  stations  beyond  about  70-80  km  The 

23f’> 


strongest  Rg  signals  are  generally  in  the  period  range  of  about  0  5  to  1  5  sec.  In  that  period  range 
Rg  displacement  is  essentially  confined  to  depths  of  about  1  to  5  km.  with  most  of  the  Rayleigh 
wave  energy  in  the  upper  2  or  3  km  (e  g.  Bath,  1975;  Kafka  and  Reiter.  1987).  Thus,  sources  deeper 
than  about  4  km  would  not  be  expected  to  generate  strong  Rg  signals;  and  so.  if  Rg  can  be  clearly 
identified  on  a  seismogram,  the  source  is  most  likely  very  shallow.  Observed  Rg  waves  could, 
therefore,  be  used  to  discriminate  betveen  very  shallow  events  and  deeper  events,  provided  that 
the  Rg  phase  can  be  identified  on  seismograms  and  distinguished  from  other  recorded  phases 

One  distinguishing  characteristic  of  the  Rg  phase  is  its  arrival  time  Arrival  times  of  Rg  waves 
can  be  predicted  if  group  velocity  dispersion  is  known  (or  can  at  least  be  approximated)  In  New 
England.  Rg  is  normally  dispersive  and  travels  with  group  velocities  between  about  2.0  and  3  2 
km/sec  (Kafka  and  Dollin,  1985;  Kafka  and  Reiter.  1987). 

Analysis  of  amplitude  spectra  of  Rg  and  other  phases  provides  additional  information  for 
identifying  Rg  For  a  sample  of  five  quarry  blasts  and  two  earthquakes,  amplitude  spectra  were 
calculated  for  portions  of  seismograms  between  the  arrival  of  the  S-wave  and  the  end  of  the  coda 
The  stations  used  for  this  analysis  were  at  distances  ranging  from  17  to  100  km  from  the  sources. 
Since  the  recording  instruments  all  have  similar  responses  that  enhance  the  frequency  range  of 
the  signals,  the  seismograms  used  in  this  analysis  were  not  corrected  for  instrument  response 
The  seismograms  and  spectra  are.  of  course,  very  complex  since  the  propagation  paths  traverse 
various  geological  structures  Nonetheless,  preliminary  analysis  of  the  amplitude  spectra  suggests 
some  general  patterns 

Amplitude  spectra  of  the  seismograms  in  Figure  1  are  shown  in  Figure  4  The  energy  in  the 
S-to-coda  part  of  the  seismograms  was  generally  in  the  frequency  range  of  about  0  3  to  15  0  Hz 
Within  that  frequency  range  there  appear  to  be  three  somewhat  distinct  frequency  bands  A 
large  portion  of  the  energy  generated  by  background  noise  appears  to  be  concentrated  between 
about  0  3  and  1 .0  Hz.  (However,  the  background  noise  spectrum  is  not  obvious  in  the  four  examples 
shown  here  since  the  signals  are  generally  quite  strong.)  Energy  associated  with  the  Rg  phase 
appears  to  be  concentrated  between  about  05  and  30  Hz.  and  energy  from  other  phases 
(presumably  Sg  and  Lg)  appear  to  be  concentrated  in  the  frequency  range  of  about  5-12  Hz  Using 
these  preliminary  observations  as  a  guide,  I  am  investigating  the  relative  amounts  of  seismic 
energy  in  those  three  frequency  bands 

Since  Rg  appears  to  be  the  primary  contributor  to  energy  in  the  1  0  to  3  0  Hz  frequency  band, 
the  ratio  of  spectral  amplitudes  in  that  band  to  spectral  amplitudes  in  higher  frequency  bands 
might  prove  useful  as  a  depth  discriminant.  For  the  sample  of  quarry  blasts  and  earthquakes 
discussed  above,  the  average  spectral  amplitude  was  calculated  for  a  low  frequeny  range  (1  0  to  3  0 
Hz)  and  for  a  high  frequency  range  (50  to  12.0  Hz)  Figure  4  shows  a  histogram  of  ratios  of  the 
low  frequency  to  high  frequency  averages  calculated  from  the  sample  of  quarry  blasts  and 
earthquakes.  The  two  earthquakes  in  that  sample  are  a  foreshock  and  aftershock  of  the  mbLa  3  8 
earthquake  that  occurred  on  October  21. 1985  near  Ardsley,  NY  Those  events  were  well  recorded 
by  nearby  stations  operated  by  Lamont-Doherty  Geological  Observatory  and  Woodward-Clyde 
Consultants,  and  the  depths  of  both  events  are  fairly  well  constrained  to  be  about  5  km  Thus,  if  Rg 
is  being  identified  by  the  low  frequency  to  high  frequency  ratio,  the  earthquakes  should  have  a 
lower  ratio  than  the  quarry  blasts  For  the  sample  shown  in  Figure  4.  the  earthquakes  can  be 
distinguished  from  the  blasts  based  on  this  low  frequency  to  high  frequency  ratio 


The  results  of  this  low  frequency  to  high  frequency  ratio  method  for  identifying  Rg  are  very 
preliminary  at  this  point.  It  is  clear  that,  for  the  sample  shown  in  this  report,  the  earthquakes 
can  be  distinguished  from  the  blasts  using  this  ratio,  and  indeed  the  results  look  encouraging 
There  are,  however,  a  number  of  additional  lines  of  investigation  that  must  be  considered  First, 
the  seismograms  of  quarry  blasts  chosen  for  this  example,  were  initially  chosen  because  of  their 
clearly  identifiable  Rg  waves  and  because  they  were  generated  by  quarries  that  are  well  known  at 
Veston  Observatory.  To  what  extent,  then,  would  this  method  work  for  less  "ideal"  seismograms  of 
quarry  blasts?  Second,  the  two  earthquakes  were  chosen  because  they  occurred  very  close  to 
stations  of  the  Northeast  United  States  Seismic  Network  Thus,  the  locations  and  depths  of  the 
earthquakes  are  better  constrained  than  the  "typical"  small  earthquake  occurring  in  the 
northeastern  United  States  Third,  while  this  amplitude  ratio  method  is  a  simple  and 
straight-forward  procedure,  it  doesn't  exploit  the  known  differences  in  arrival  time  between  Rg 
and  other  phases  It  may  be  possible  to  identify  Rg  more  clearly  and  to  separate  it  from  other 
recorded  phases  by  measuring  amplitudes  at  particular  periods  and  arrival  times  for  the  entire 
seismogram  using  a  narrow-band  pass  filter  anlaysis  Such  an  approach  will  be  taken  in  the  next 
phase  of  this  research.  Finally,  the  differences  in  attenuation  between  Rg  and  other  phases  were 
only  roughly  considered  in  this  analysis  by  restricting  the  distance  range  for  seismograms  used 
in  this  example  A  more  thorough  analysis  of  attenuation  is  planned  as  part  of  this  research 
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FlitUfC  1  Examples  of  seismograms  used  in  Ibis  study.  Locations  of  sources  and  stations  are  shown 
in  Figure  2  Paths  corresponding  to  seismograms  a.  b,  c  and  d  in  this  figure  are  labelled  A.  B.  C  and 
D  respectively  in  Figure  2 


figure  2  Map  of  southern  New  England  and  adjacent  areas  showing  locations  of  sources  (closed 
triangles)  and  stations  (closed  circles)  for  seismograms  shown  in  Figure  1  WES  indicates  the 
location  of  Weston  Observatory  where  the  short-peiod  seismograms  from  this  study  are  recorded 
Small  dots  indicate  locations  of  other  short-period  stations  that  are  part  of  the  Northeast  United 
States  Seismic  Network 


Figure  3  Signal  duration  (D.  sec)  versus  magnitude  for  a  sample  of  earthquakes  recorded  by  the 
NESN  The  dashed  line  rectangle  shows  the  range  of  signal  durations  and  inferred  magnitude 
estimates  for  a  sample  of  quarry  blasts  in  southern  New  England  studied  by  Fowler  (1983) 


Figure  4  (a)  -  (d)  Amplitude  spectra  of  seismograms  shown  in  Figure  1  These  spectra  were 
smoothed  with  a  moving  average  filter,  (e)  Histogram  of  the  logarithm  of  the  lov-frequency  (1-3 
Hz)  to  high-frequency  (5-12  Hz)  amplitude  ratio  for  a  sample  of  five  quarry  blasts  and  two 
earthquakes  ^  | 


INVESTIGATIONS  ON  LOCAL  SEISMIC  PHASES  AND  EVALUATION  OF  BODY  WAVES  MAGNITUDE 

(  Western  Europe  ) 

By  B.  Massinon  and  P.  Mechler 
Radiomana,  27  rue  Claude  Bernard,  75005  Paris,  France 


Objective  : 

The  main  objective  of  our  contribution  to  the  Darpa  Research  Program  is  to  optimize 
methods  to  extract  from  seismic  records  at  local, regional  and  teleseismic  epicentral 
distances,  information  concerning  the  nature  of  the  source  (earthquake,  chemical 
blast,  rockburst)  and  its  principal  characteristics. (  magnitude,  seismic  moment, 
corner  frequency,  depth  etc). 

A  second  objective  necessary  to  approach  the  first  one  is  to  better  understand 
the  radiation  and  propagation  of  the  seismic  source  within  the  crust  and  to  evaluate 
the  influence  of 'the  crust  in  term  of  attenuation  and  wave  form  modeling. 

Our  fields  of  investigation  have  been  both  : 

-  theoretical  :  numerical  simulation 

-  empirical  :  processing  of  seismic  data  recorded  on  the  LDG  networks. 

Research  accomplished  : 

1°)  Local  epicentral  distances  : 

a)  Source  depth  evaluation  by  numerical  simulation  : 

Our  purpose  is  to  evaluate  the  influence  of  focal  depth  on  seismograms  recorded 
at  local  distances,  with  the  help  of  synthetics. 

By  using  a  method  of  modelisation  of  seismograms  based  on  an  exact  discrete  wavenumbers 
computation  (  Bouchon  1982  ),  we  have  computed  the  waveforms  at  epicentral  distances 
ranging  from  10  to  60  km,  every  10  km. 

The  source  function  s  (CuO  is  a  Brune  source.  The  propagation  model  is  the  crust 
model  currently  used  for  France  area.  (  Darpa  Annual  Report  1984  ) .  No  anelastic 
attenuation  is  taken  into  account.  For  each  epicentral  distance,  different  seismograms 
have  been  computed  for  different  focal  depths  :  1,  3,  6,  9,  12  and  27  km,  all  focus 
situated  within  the  crust. 

The  evolution  of  each  seismogram  versus  depth  is  clearly  observed  :  very  complicated 
with  a  source  near  the  earth  level,  essentially  composed  of  guided  waves  with 
a  source  within  the  first  layers,  it  becomes  simpler  and  simpler  when  the  focal 
depth  increases.  At  a  depth  of  27  km,  only  direct  Pg  and  Sg  still  exist.  The  Rg  waves 
(  surface  waves  in  sedimentary  layers  )  are  the  most  sensitive  to  focal  depth 
effect  with  maximum  (  1  km  depth  )  to  minimum  (  27  km  depth  )  spectral  ratio  ranging 
from  100  to  1000. 

Besides  the  depth  influence,  the  effect  of  epicentral  distance  is  clearly  seen. 

In  order  to  let  the  seismograms  be  independant  from  distance  we  deconvolve  them 
from  geometrical  attenuation.  For  that  purpose  an  inversion  technique  is  applied 
in  the  frequency  domain  of  the  synthetics  to  obtain  simultaneously  the  source 
spectrum  and  the  geometrical  attenuation.  This  inversion  is  done  on  each  focal 
depth  previously  selected. 

Large  differences  exist  between  the  computed  source  spectra  for  each  phase  and 
the  original  sources  (  Brune  source  )  specially  in  their  low  frequency  part. 

Nevertheless  if  we  compute  the  ratio  of  low  frequency  amplitudes  of  these  sources 
(  Sg  /  Rg  ,  Pg  /  Rg,  Pg  /  Sg  )  it  shows  clear  variations  versus  focal  depth. (Fig. 1) 
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Although  different  points  are  still  not  solved  as  the  absence  of  flat  frequency 
response  of  each  computed  source  spectrum,  we  might  expect  determine  source  depth 
ranges  at  local  epicentral  distance  by  a  careful  analysis  of  the  relative  importance 
of  each  seismic  phase. 

We  intend  to  test  this  method  on  real  cases. 

b)  Seismic  sources  evaluation  at  local  distances  : 

During  a  period  of  six  months  we  have  set  up  a  seismic  network  (  10  SP  stations) 
surrounding  a  coal  mine  exploitation.  Epicentral  distances  varying  from  1  km  to 
6  km. 

Rockbursts  are  recorded  with  magnitudes  M'l  within  the  range  of  Ml“1  to  Ml»3.2. 

Besides  the  aim  of  locating  those  events  in  three  dimensions,  we  have  started 
to  compute  source  spectra. 

As  an  example, Fig.  2  shows  a  serie  of  12  displacement  source  spectra  recorded 
at  the  same  seismic  station  distant  of  6  km  from  both  source  area  "a"  and  "b". 

No  attenuation  correction  has  been  applied.  The  lower  displacement  spectrum  when 
visible  is  the  corresponding  seismic  noise  spectrum. 

The  data  are  sampled  at  50  samples/sec.  and  the  recorded  band  width  is  defined 
between  0.5  and  16  Hz.  Corner  frequencies  are  generally  well  defined  and  inferior 
to  10  Hz. 

Among  these  first  examples  is  one  chemical  blast  ("tir")  recorded  at  the  same 
epicentral  distance.  Arbitrary  ordinates  unities  are  the  same  for  the  12  spectra 
and  so  it  is  possible  to  compare  the  blast  spectrum  with  rockburst  spectra  with 
Ml  *  1.6,  ■  1.7,  and  *  1.8  . 

The  four  cases  have  a  low  frequency  displacement  value  around  one  unit  .  The  blast 
corner  frequency  Fc  ■  6.2  Hz,  Fc  *  3.4  Hz,  and  Fc  *  1.8  Hz. 

Such  comparisons  between  rockbursts,  chemical  blasts,  and  earthquakes  sources 
if  any , are  going  to  be  the  main  part  of  our  future  work  in  this  field. 

2°)  Regional  epicentral  distances: 

a)  Data  base  for  source  studies  at  regional  distances  : 

We  have  achieved  in  1986  a  regional  seismic  data  base  which  includes  the  seismic 
data,  of  some  431  western  european  earthquakes  recorded  in  the  french  LDG  network 
from  1984  to  1986. 

These  quakes  are  located  within  the  crust  with  Ml  magnitudes  ranging  from  2.4  to  5.7. 

The  data  base  contains  the  seismic  records  (  50  samples/S  )  as  short  period  seismograms 
(  0.5  Hz  -  16  Hz  )  corresponding  to  vertical  component  for  the  28  seismic  stations. 

It  also  contains  the  displacement  source  spectra  of  each  quake  computed  on  Lg  waves 
train,  more  precisely  on  the  maximum  amplitude  part  (  Lg^) ,  the  coda  (  Lg2  )  an(j 

the  end  of  the  coda  (  Lg3  ).  This  beeing  done  after  attenuation  correction  versus 
distance.  One  example  is  given  on  Fig.  3  corresponding  to  an  earthquake  which 
occured  in  the  Ossau  valley  (  Pyrenees),  the  19  04  86  (  H0  *  22  h  5'  TU;  lat.-43°06N 
long.*0°45'E  ;  Ml  *  3.3  )  where  the  three  spectra  are  given  with  their  main 
characteristics.  Seismic  moments  Mq  systematically  computed  are  related  to  magnitudes 
Ml  as  follows  : 

Mql  -  15.0  +  1.4  ML 
M^S  15.5  +  1.3  ML 
MoLg3»  15.6  +  1.2  ML 
Or  for  the  whole  set  of  • 

M^g  -  15.1  +  1.4  ML 

Any  attempt  to  regionalize  earthquakes  by  peculiar  M0»  F  (  Ml)  relationship  did 
not  lead  to  positive  results  up  to  now. 

Nevertheless,  Q  tomography  might  bring  more  accurate  attenuation  factors  and  consequentl 
might  lead  to  some  quakes  regionalization  if  any. 


b)  Theoretical  studies  on  regional  waves  radiation  and  propagation  : 

Two  studies  have  been  undertaken  which  concern  the  effect  of  irregular  layering 
and  topography  on  the  generation  and  propagation  of  seismic  waves  radiated  by 
a  superficial  seismic  event. 

^^^raction  and  conversion  of  elastic  waves  at  a  corrugated  interface 
We  evaluate  the  efficiency  of  P  to  S  conversion  in  the  region  of  the  source  to 

understand  the  high  amplitude  of  the  regional  phases  L  emitted  by  a  superficial  seismic 
event. 

We  have  considered  an  interface  between  two  media  which  elastic  parameters  correspond  , 
to  crust  and  upper  mantle.  In  the  case  of  an  incident  P  wave,  the  P  to  P  reflexion 
is  nearly  specular  while  P  to  S  reflexion  is  very  different  from  the  perfectly 
flat  case.  Even  for  small  values  of  the  incident  angle.  S  waves  are  diffracted 
in  direction  above  the  critical  angles  of  these  waves  with  significant  amplitudes. 


S  waves  incident  with  this  angle  present  a  quasi  specular  reflexion  and  this 
contributes  to  Lg. 

As  a  result  this  phenomenon  can  be  invoked  to  explain  the  large  amplitude  of 
Lg  radiation  for  superficial  seismic  event. 

Numerical  simulation  of  the  radiation  and  propagation  of  seismic  waves  iu 
a  laterally  varying  crust  : 

The  effect  of  irregular  layering  and  topography  on  the  generation  and  propagation 
of  seismic  waves  radiated  by  a  superficial  seismic  event  as  a  blast  is  formulated 
in  term  of  a  boundary  integral  equation-discrete  wavenumber  method. 

The  source  is  located  in  a  geological  structure  with  complex  geometry  such  as 
a  sediment  and  alluvion  field  basin  or  rough  topography. 

A  resulting  enhancement  in  shear  waves  radiation  and  the  effect  of  a  laterally 
varying  crust  on  the  propagation  of  regional  phases  are  observed. 

A  strong  effect  of  irregular  layering  on  the  amplitude  and  coda  duration  of  the 
seismic  phases  is  also  clearly  seen. 


Conclusions  and  recommendations  : 


Our  study  on  seismic  sources  at  local  epicentral  distances  by  recording  events 
in  a  coal  mine  has  just  started. 

The  quality  of  data  we  have  obtained  encourage  us  to  carefully  compute  the  main 
source  parameters  and  look  at  possible  differences  between  rockbursts,  chemical 
blasts  and  earthquakes. 

The  method  to  obtain  a  source  depth  information  we  have  studied  on  synthetics 
should  also  be  tested  on  these  empirical  data. 

At  regional  distances,  we  are  able  now  to  compute  the  displacement  spectrum 
of  any  seismic  source  which  occurs  in  France  and  the  vicinity  for  reasonable 
^  ^  >  2.0  ). 

Nevertheless  our  attenuation  model  for  Lg  waves  is  not  yet  adapted  to  each  peculiar 
propagation  path  due  to  crustal  heterogeneities  and  a  Q  tomography  study  over 
France  should  improve  our  results  on  source  evaluation. 

We  also  try  to  evaluate  the  influence  of  these  crustal  lateral  heterogeneities 
and  irregular  layering  on  synthetics  and  particularly  on  Lg  phases.  We  plan 
to  continue  this  study  and  extend  it  to  teleseism  distances. 
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